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 Reactions for the alpha functionalization of carbonyl compounds are important for 
the synthesis of complex organic materials such as pharmaceuticals, agrochemicals, and 
natural products. Current methodology used to perform these reactions is inefficient in that 
pre-activated coupling partners or sensitive catalysts are usually required. Described herein 
is the study and development of bifunctional and dual catalytic systems for carbon-carbon 
bond formation via the direct addition of unactivated carbonyl compounds to unactivated 
alkenes/alkynes. 
 
 A dual catalyst system is one which utilizes two distinct catalysts to simultaneously 
activate separate reactants, and in a bifunctional catalyst the two catalytic components are 
present separately in a single molecule. Preliminary work involved the identification of 
novel bifunctional catalysts with heterocyclic scaffolds to promote asymmetric aldol 
reactions. The hybrid Lewis acid/Lewis base moieties incorporated into these catalysts 
acted to simultaneously activate "donor" aldehydes/ketones (via intermediate enamines) 
and "acceptor" aldehydes (via coordination to Lewis acids). 
 
 These bifunctional scaffolds were subsequently modified to chelate copper(I) to 
promote the direct addition of aldehydes/ketones to alkynes. Density functional theory 
(DFT) calculations were used to optimize the design of precatalysts before synthesis and 
testing. Screening of numerous reaction conditions did not lead to the desired reactions, 
however, an X-ray crystal structure of precatalyst molecules bridging silver(I) metals was 
obtained. This suggested that the precatalyst was not binding to the Lewis acid in a 
productive fashion.  
 
 Dual catalyst systems for the addition of aldehydes/ketones to alkenes/alkynes were 
also studied. DFT calculations led to the prediction that a bulky imidazolidinone as an 
organocatalyst and a bulky Pt-t-Bu-PyBOX-platinum(II) complex could facilitate the 
desired additions and preclude catalyst poisoning. Using this dual catalytic system, the 
intermolecular direct addition of an unactivated aldehyde to an unactivated terminal alkyne 
was discovered  
 
 Lastly, a novel bifunctional catalyst was synthesized based on the PyBOX ligand 
previously mentioned. An X-ray crystal structure of this precatalyst bound to a 
palladium(II) salt showed the expected tridentate coordination of the metal, with a tethered 
amine available to act as an organocatalyst. Preliminary studies of this catalyst showed that 
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1.1 Introduction to Alpha Alkenylations and Alkylations of Carbonyl Compounds 
 
 
 Alpha functionalizations of carbonyl compounds are important reactions for the 
synthesis of pharmaceuticals, agrochemicals, and natural products.1 The products of these 
reactions are primarily α,β or β,γ unsaturated carbonyl compounds, with some additions 
leading to saturated alkyl products. (Figure 1.1.1)  
 
 





 The α,β or β,γ unsaturated moiety discussed above is found in many natural 
products and other biologically active compounds. One such example is (+)-
macquarimicin A.2 (Figure 1.1.2) It is a selective inhibitor of membrane-bound neutral 
phingomyelinase (N-SMase) that exhibits anti-inflammatory activity. Another example is 









 Euphosalicin itself has been shown to be an inhibitor of P-glycoprotein a 
transporter responsible for the efflux of drug-like molecules. Many cancer cell lines 
overexpress this transporter which leads to multi drug resistance and failure of treatment.4 
An example of a compound which contains an α,β unsaturated moiety is curcumin, which 
has been reported to have many biological effects. For example, Takahara and coworkers 
suggested that it could be an effective treatment for experimental autoimmune 
encephalomyelitis (EAE).5Treatment with curcumin significantly reduced the clinical 
severity of EAE, and had a dramatic reduction in the number of inflammatory cells in the 
spinal cord.  
 
 Given the inherent value in compounds formed via alpha alkenylation/alkylation 
reactions, there have been great efforts invested in the development of efficient methods 
to perform these transformations. Currently, there are no examples of highly atom 
economical intermolecular reactions that don’t utilize sensitive catalysts or pre-activated 
coupling partners. The development of catalytic methods for the direct additions of 
unactivated, carbonyl containing nucleophiles to unactivated alkenes and alkynes would 
3 
 
allow streamlined access to valuable intermediates and final compounds from 
inexpensive starting materials.  
 
 A variety of methods exist for alpha functionalizations of carbonyl compounds, 
however many of these methods require either stoichiometric base to generate an enolate 
or pre-activation of one or more coupling partners. These synthetic methods are outlined 
below. (Figure 1.1.3) The first 3 methods (A-C) represent transition metal-catalyzed 
cross coupling reactions for alpha alkenylations of carbonyl compounds. A commonly 
used method (A) involves the use of a transition metal catalyst (Pd or Ni) and 
stoichiometric base to generate a metal enolate, followed by reaction with an alkene that 
has been pre-activated. Reaction (B), as with reaction (A), utilizes a metal catalyst and 
requires the pre-activation of both reaction partners. A final example of a transition 
metal-catalyzed reaction (C) represents reactions only require pre-activation of the alkene 
coupling partner. This method is advantageous because the enamine nucleophile is 
generated catalytically, but the alkene still needs to be pre-activated. Reaction (D), also 
known as the Stork enamine reaction, is an alpha alkylation of a carbonyl compound with 
an alkyl halide.6 In this reaction, the enamine nucleophile is generated before the reaction 
with a stoichiometric amount of amine followed by attack of the enamine on the alkyl 
halide, followed by hydrolysis of the resulting enamine or iminium ion product. All of the 
examples outlined have the common disadvantage that one or more reaction partners 
must be pre-activated. This is significant, as preparing these activated substrates may be 
challenging and/or inefficient. Activation of a complex intermediate in a natural product 
4 
 
synthesis could add unnecessary complications to the synthesis. For the synthesis of bulk 
chemicals, it can make the process expensive or even economically unfeasible. 
 





Strategy (E) represents the ideal approach to the alpha additions of carbonyl compounds. 
In this case, carbonyl nucleophiles are directly added to an unactivated alkene or alkyne 
with both the carbonyl and the unsaturated carbon-carbon bond catalytically activated. 
Effective methods for direct additions of alkenes/alkynes to carbonyl compounds as 
outlined in (E) could replace the need for methods (A-D). This would greatly streamline 
the synthesis of e.g. pharmaceuticals, natural products, and agrochemicals, because pre-
actived coupling partners would not have to be prepared. Direct additions (E) would also 
increase the atom economy and could significantly reduce the cost of the syntheses of the 
desired compounds. Specific conditions for direct additions will be discussed in detail in 
later sections of this chapter.  
5 
 
1.2  Metal Catalyzed Cross Coupling Reactions 
 
 
Transition metal catalysts (Pd and Ni) are commonly used to form α,β or β,γ unsaturated 
compounds via cross coupling reactions between enolates or enolate derivatives and 
alkenes containing an activating agent (halide, triflate, boronic ester, etc.). The reaction 
starts with the oxidative addition of an activated alkene to the metal (Figure 1.2.1). Next, 
the activating group is substituted with an enolate (or enolate derivative) via 
transmetalation. Lastly, a reductive elimination yields the desired product.7 The drawback 
of this strategy is the need to pre-activate at least one coupling partner. In some cases, a 
catalytically generated enamine can be used in place of the enolate. In an ideal case, 
reaction partners would not need to be pre-activated as activation would occur 
catalytically in-situ to allow carbon-carbon bond formation to occur. Despite the need for 
pre-activation, cross coupling reactions remain as powerful tools to form these carbon-
carbon bonds. Over the last four decades, transition metal catalysts have commonly been 
used to facilitate the alpha alkenylation of enolates. Nickel is effective as a catalyst for 
many types of cross coupling reactions.8 This suggests that it could be effective for alpha 
alkenylation reactions, which is desirable due to its low cost in comparison to the widely 


















The first example was reported by Rathke using NiBr2 to couple lithium ester 







Stoichiometric nickel was required to obtain optimum yields. Importantly, the 
stereochemistry of the vinyl halide is conserved throughout the reaction. The reaction 
was completed on a gram scale at 81% yield. In 1985, Wender used Rathke’s conditions 









Since Rathke’s seminal work, there were few new advancements in the substrate 
scope of Ni catalyzed reactions until 2015, when Helquist reported the Ni catalyzed alpha 







This is a significant result because it is the first Ni catalyzed alpha alkenylation reaction 
with comparable reactivity to that of more expensive palladium catalysts. The key to 
achieving this reaction was in the identification of an appropriate N-heterocyclic carbene 
(NHC) ligand (Equation 1.2.3)  that would keep the metal in solution throughout the 
course of the reaction. Addition of LiI increased conversion and decreased reaction time. 
8 
 
The substrate scope of the reaction was wide and included alkyl, aryl, and vinyl 
bromides, as well as alpha branched cyclic and acyclic ketones. Most reactions were 
reported with aryl ketone substrates; however, there were examples of simple aliphatic 
ketones. It appears Ni is now available as a low-cost alternative to the previous Pd-
catalyzed methods. However, Ni-catalyzed reactions still suffer from the need to pre-
activate coupling partners. 
 
Another method of nickel-catalyzed alpha alkenylation was reported by Fu and 
coworkers.12 (Equation 1.2.4) This method utilized a stoichiometric amount of a 
zirconium reagent (formed by reacting Schwartz’s reagent (Cp2ZrHCl) with alkynes) as 
the nucleophile which reacts with an alpha-halo ketone. The substrate scope included a 
variety of alkyl and aryl substituents with respect to the ketone and alkyne. Yields ranged 







1.3  Palladium Catalyzed Alkenylations 
 
 
Although nickel was first used to catalyze alkenylations of carbonyl compounds, 
palladium has since been adopted as the catalyst of choice. Palladium has been reported 
9 
 
with reactions of ester, amide, and ketone enolates. The first example was reported by 







The reaction proceeded with high yield and ee (95% and 90% respectively). It was 
observed that the structure of the vinyl bromide greatly influenced enantioselectivity. In 
general, ee dropped approximately 20% switching from a trans- to a cis-vinyl bromide. 
Another noteworthy observation is that the alpha substituent did not significantly affect 
the enantioselectivity. The substrate scope was limited to cyclic ketones with alkenyl or 
aryl substituents occupying one of the alpha positions to avoid over-alkenylated products. 
 
In 2009, the Buchwald lab reported a similar reaction with oxindole substrates.14 
(Equation 1.3.2) Aside from the change in the carbonyl substrate, the most noteworthy 
observation was that in this case it was the cis-vinyl bromide that gave high ee values 










In 2007, Huang and coworkers reported a reaction which was carried out with 







This coupling reaction can be carried out with vinyl triflates, which can be easily 
prepared from ketones and had not been previously reported. Huang and coworkers 
hypothesized that the oxindole nitrogen could potentially act as a nucleophile and give N-
alkylated products. However, this was not observed under these conditions. The oxindole 
substrate was selected due to its abundance in biologically active natural products. Aryl 
ketones and piperidine esters were also coupled to vinyl bromides and triflates with 




 In 2011, Helquist and Cosner reported the use of a zinc enolate in an alpha 







Coupling using a Zn enolate was chosen due to its effectiveness in alpha arylation 
reactions. The reaction proceeded at 73% yield with retention of the diene configuration 
and no isomerization of the double bond. They also found the coupling to be very ligand 
sensitive, as is the case with the previous examples discussed.13 Electron rich, sterically 
demanding alkyl phosphines gave the best results. This reaction was the key step in the 
synthesis of trichostatin A, further emphasizing the importance of reactions that alpha 
functionalize carbonyl compounds. 
 
 1.4 Organocatalyzed Alpha Alkenylations 
 
 
 MacMillan has reported several methods that utilize an amine co-catalyst to 
activate the nucleophile rather than forming an enolate using a strong base.17,18 The chiral 
amine co-catalyst facilitates an enantioselective coupling of an intermediate enamine and 
the activated alkene. In 2012, he also reported the alpha alkenylation of aldehydes with 








This method is unique in that it is the first reported alpha alkenylation of aldehydes. The 
substrate scope included alkyl- and aryliodonium coupling partners as well as aldehydes 
with varying alkyl substituents. Yields typically ranged from 70-90% with most ee’s 
above 95%. The reaction suffers from catalyst loadings of up to 30 mol% to achieve 
optimal results. In 2013 he reported a similar system to couple aldehydes to boronic acids 
using copper with an amine co-catalyst.20 The most significant difference between the 
two systems is that the coupling to iodonium salts uses Cu(I) as the added catalyst, while 
the boronic acid reaction uses a less sensitive Cu(II) precatalyst to perform the reaction 
(Equation 1.4.2). Again, catalyst loadings of 30 mol% were required. Substrate scopes 
for both systems are similar with the iodonium salt coupling method in general slightly 









1.5 Alpha Alkenylations via Direct Addition to Alkynes 
 
 
 Previously, examples have been given of transition metal catalyzed alpha 
alkenylations to give β,γ unsaturated carbonyl compounds. Another way of preparing this 
substructure is through the addition of a strong nucleophile to an alkyne. A representative 
example of this is given by Trofimov and coworkers.21 They used a "superbasic" 
stoichiometric KOtBu/DMSO system to generate beta-gamma unsaturated ketones from 







 The reaction scope was limited to ketones with alkyl or aryl substituents and phenyl 
substituted terminal alkynes and yields ranged from 60-90%. The reaction was 
regioselective in that only addition to the terminal carbon was observed. Also, only E-
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alkenes were reported as products in this reaction. For unsymmetrical ketones, mixtures 
of products were observed. They also found that when excess alkyne was used, multiple 
additions occurred.  
 
A direct addition to alkynes that proceeds through a C-H activation pathway was 
reported by Dong and coworkers.22 (Equation 1.5.2) The organocatalyst/directing group 
activates the carbonyl compound via enamine formation and then coordinates a rhodium 
catalyst to facilitate addition of the enamine to the alkyne. The advantage to this 
methodology is that both the carbonyl compound and alkyne coupling partner are 
catalytically activated, though a high loading of the organocatalyst is required (50 mol%) 







1.6 Pi Acid Catalyzed Intramolecular Additions to Alkynes 
 
An alternative method for creating alpha functionalized carbonyl compounds 
without the use of pre-activated coupling partners is the use of π-Lewis acid metal 
catalysts to catalytically activate the unsaturated C-C bond, making it susceptible to 
nucleophilic attack. A π-acid is “any metal fragment that binds to a carbon–carbon 
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multiple bond, and thereby deprives it of part of its electron density” was defined by 
Furstner and Davies in 2007.23 Pi acids have been shown to be particularly well suited for 
the activation of  C-C multiple bonds due to their carbophilic nature. This differs from 
other Lewis acids which typically prefer to coordinate to oxygen.24 With π acids, the 
electron deficient metal receives substantial donation from the in plane π orbital of the 
alkyne, which acts as a strong two electron sigma donor and a weak π acceptor. The 
movement of electron density away from the ligand causes it to be susceptible to 
nucleophilic attack. The advantage to this strategy is that both the carbonyl compound 
and unsaturated C-C bond can be catalytically activated when combined with an amine 
organocatalyst.  
 
Although there are many examples of intramolecular reactions using π-acids to 
facilitate the addition of enol/enolate nucleophiles to unactivated C-C multiple bonds, 
there are very few examples of intermolecular reactions. A review by Chemla  gives 
examples of inter and intra-molecular examples of additions (primarily with 1,3 
dicarbonyl compounds) to alkenes and alkynes.25 A review by Enders26 specifically 
discusses the intramolecular addition of enol/enolate nucleophiles to unactivated alkenes 
and alkynes (Conia-ene type reactions). In a Conia-ene type reaction, the unsaturated C-C 
bond is activated by the π acid catalyst. Enolate formation and attack on the activated 
metal complex give the intermediate adduct. Lastly, protodemetalation gives the desired 










For example, Toste and coworkers in 2004 used a gold (I) catalyst to perform 5-
endo and 5-exo dig reactions on alkynyl beta-keto esters in a Conia-ene-type reaction.27,28 







Two possible mechanisms were hypothesized for this reaction (Figure 1.6.2). In 
the first, a gold enolate intermediate is formed which then undergoes cyclization. The 
other mechanism involves the nucleophilic attack of the enol form of the beta-ketoester 
on the gold alkyne complex to form the product. Deuterium labeling studies provided 
evidence that suggests the reaction proceeds through the latter mechanism. The evidence 
for this is that when the alkynyl proton is replaced by deuterium, it was found to be syn in 
relation to the ester 90% of the time. Given that the metal is dissociated from the adduct 
via protodemetalation, the deuterium position in the product suggests a transition state 
where the gold activates the alkyne from the face opposite to the enol, as opposed to a 
17 
 
gold enolate, which would place the metal in between the alkyne and the enolate oxygen 
to give the deuterium anti to the ester after protodemetalation.  
 
 




Toste later went on to develop an asymmetric version of this reaction.29 
Enantioselectivity with gold catalysts was not achieved, presumably due to the linear 
nature of gold(I) complexes, but they discovered that a palladium (II) catalyst with a 
chiral BINAP type ligand with substituents that would protrude towards the beta-









These first examples of the Conia-ene-type reaction catalyzed by a π-acid set the stage for 
a series of advancements that led to the use of dual catalytic systems utilizing an amine 
co-catalyst.   
 
 
1.7 Dual Catalysis for Intramolecular Additions to Alkynes 
 
The next major advancement in chemistry for intramolecular alkenylation reactions came 
with the use of two catalysts, each with the role of activating a different coupling partner. 
In these systems, a π-acid catalyst activates the unsaturated C-C bond as previously 
discussed, and a Lewis basic organocatalyst activates the carbonyl compound via an 
enamine intermediate. (Figure 1.7.1). The use of two different catalysts acting 
independently makes this a dual catalytic system. By employing a dual catalytic system, 
the substrate scope was widened to include alkynyl aldehydes and ketones as opposed to 
being limited to 1,3 dicarbonyl compounds. This demonstrated that π-acid catalysts were 
compatible with a Lewis basic amine co-catalyst present in the reaction mixture. The 
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concern in any dual catalytic system is whether each catalyst will be able to function 
properly in the presence of the other, i.e. self-quenching could be problematic.  
 




 In 2008 Dixon and Kirsch reported that copper30 and gold31 catalysts respectively, 









The copper catalyzed domino reaction reported by Dixon is unique in that the alkynyl 
ketone is formed in situ via a conjugate addition before the cyclization occurs (Figure 
1.7.2). In cases where there is no alpha substituent on the carbonyl, isomerization of the 
double bond from the exocyclic to the more stable internal (conjugated) position is 
observed. 
 





 Two years later, Michelet reported a similar reaction with InCl3
 (Equation 
1.7.2).32 Michelet’s work focused on the cyclization of alpha-branched aldehydes, 









In this example, the alkene can not isomerize with the alpha-branched substrates, and an 
all carbon quaternary center is generated. Studies on the amine catalyst were performed, 
and it was found that with alpha-branched substrates, the use of secondary amines led to 
sluggish reactions and partial degradation of the starting material with larger alpha 
substituents (n-Bu, Bn, i-Pr). Attempts to develop an enantioselective reaction with InCl3 
by utilizing chiral ligands did not produce satisfactory results in terms of yield and 
enatioselectivity.33  
 
Although Michelet and coworkers were not able to develop an enantioselective 
system with InCl3, Cu(I) proved to be an effective catalyst with a suitable ligand 
(Equation 1.7.3).33,34 The reactions proceeded at room temperature and were high 
yielding with good yield and ee (88 and 90% respectively). Metal salt studies showed that 
the most effective systems involved the in situ reduction of Cu(II) to Cu(I) with a 
phosphine ligand instead of using air sensitive Cu(I) complexes. The choice of ligand was 
also important as several chiral phosphine ligands were tested but only the ligand with 
bulky tert-butyl substituted aryl groups gave good enantioselectivity. Cyclohexylamine 
was selected as an organocatalyst for its superior ability to form enamines with alpha 










However, the substrate scope is limited. The bulk of the diester substituents on the alkyne 
tether are presumably required for good enantioselectivity. Michelet postulates that the 
ligand interacts with the diester portion of the substrate at one face of attack but not the 
other, causing one face to be disfavored. The enantioselectivity increases with larger ester 
groups and decreases with less bulk on the tether. Larger alpha substituents increase 
reaction time, as some reactions take up to 14 days, but have little effect on 
enantioselectivity.  
 
 The previously discussed methods illustrate organo/ π-acid catalyzed 
intramolecular additions of carbonyls to alkyne compounds. However, there are 
considerable restrictions on the substrate scope. A significant limitation is that to achieve 
enantioselectivity with 5-exo-dig cyclizations, large substituents must be attached to the 
alkyne tether. Based on the rationale for asymmetry provided by Michelet, it is expected 
that a simple alkyl tether would produce little or no enantioselectivity. Other asymmetric 
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protocols are limited to the use of 1,3 dicarbonyl substrates and most notably, are limited 
to intramolecular reactions.  
 
1.8 Intermolecular Additions to Alkynes 
 
As previously mentioned, intermolecular additions to alkynes are rare. Nakamura 
and coworkers reported intermolecular, In(OTf)3 catalyzed addition of beta-ketoesters to 
alkynes.35,36 This reaction is proposed to go through a mechanism where the metal 







This differs from the dual catalytic systems discussed earlier where two separate catalysts 
are used (Figure 1.8.1). The reaction proceeded with a high yield for a wide range of aryl 
and aliphatic alkynyl substrates. Reactions with 1,3-diketo substrates required the use of 
excess base, but still gave high yields.  
 
 The Nakamura lab was later able to develop an enantioselective version of this 









A separate hydrolysis step was required after completion of the reaction (Equation 
1.8.2). The use of catalytic amounts of n-BuLi increased the reaction rate, although the 
exact reason for this is not apparent. Unusually, enantioselectivity increased with an 






 The structure of the chiral auxiliary was also investigated. Auxiliaries with 
sterically demanding groups (s-Bu, t-Bu, i-Pr) afforded similar ee values of 94, 91, and 
89% respectively. Smaller substituents were not as selective, but still gave ee’s of ~70%. 
The key to achieving enantioselectivity is in the OMe group on the chiral auxiliary. When 
removed, the reactivity remains the same, but the ee drops to 12%. This is believed to be 
due to the 5-membered ring structure that forms between the methoxy group and the 










The R group on the chiral auxiliary is fixed and the alkynyl substituent is forced away 
from the bulky group on the auxiliary. Although highly enantionselective and high 
yielding, this method still has significant limitations as it is only reported with 1,3-
dicarbonyl compounds. Also, this method is not catalytic with regard to the amine, which 
must by hydrolyzed off in a separate step. In order to expand the substrate scope to 
intermolecular additions of ketones or aldehydes to unactivated alkynes, a new strategy is 
required.  
 
An alternative non-asymmetric Nakamura reaction was reported by the Xi lab in 
2013.38 This is a synergistic gold/gallium catalyzed version of Nakamura’s reaction (Eq. 
1.8.3). In this system, a gold catalyst activates the alkyne which is attacked by a gallium 
enolate. Control experiments gave yields of <5% when either only the gold or gallium 
catalyst was used. Although the exact mechanism has not been proven, this result 
suggests synergy between the two metals. The advantage to this synergistic system is a 








Another noteworthy example of an addition of 1,3 dicarbonyl compounds to 
alkynes was recently reported by Takai and coworkers in 2018.39 The unique feature of 
this methodology is that it allowed for the Markovnikov addition of the nucleophile to the 
internal carbon of the alkyne as reported by Nakamura35-37 and alternatively, with the 
addition of i-Pr2NEt as an additive, addition to the terminal alkyne carbon occurs to give 







 During previous studies on anti-Markovnikov additions to alkynes, the Takai lab 
discovered that a rhenium vinylidene species, generated via 1,2-hydrogen shift of a 
terminal alkyne, was a key intermediate for controlling the regio- and stereoselectivity of 
the overall addition reaction, and its generation is included as a rate-determining step.40 
The addition of i-Pr2NEt as an additive increased the rate of the formation of this species, 




In 2015, Pronin and coworkers reported the addition of silyl enolethers to 








Limitations of this reaction were that it was only compatible with terminal alkynes and, 
more importantly, the silyl enolether nucleophile must be formed prior to the reaction and 




1.9 Methodology for Additions to Alkenes 
 
 Thus far, methods for alpha functionalization of carbonyl compounds with 
activated olefins via cross coupling reactions and additions of enolate derivatives to 
alkynes which have been catalytically activated by π-acids have been discussed. 
Examples of additions of carbon nucleophiles to alkenes are more rare. These methods 
primarily utilize group 10 metals to catalytically activate the alkene. Widenhoefer 
reported examples of additions of 1,3 dicarbonyl compounds to ethylene and propylene.42 
This reaction was performed using Pt and Pd catalysts to give different reaction products. 
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At high ethylene pressure (200 psi), palladium catalyzed reactions gave alkene products 
via a beta hydride elimination pathway. At lower ethylene pressures (15 psi), a mixture of 
alkane and alkene products was obtained (Equation 1.9.1). Platinum catalyzed reactions 
exclusively gave the unsaturated product via protodemetalation facilitated by catalytic 
HCl. Palladium catalyzed reactions also required a stoichiometric amount of CuCl2 as an 







A variation of the Widenhoefer chemistry was reported by Vitagliano using Pt 
and Pd catalysts and a 2,6-bis(diphenylphosphinomethyl)pyridine (PNP) ligand.43 In this 
case, the tridentate PNP ligand prevented beta-hydride elimination to give the olefin 
product (Figure 1.9.1). Because of this, both Pt and Pd reactions gave similar products. 
One significant difference between the two conditions was that in the Pt catalyzed 
reaction, the 1,3-dicarbonyl compound could inhibit the reaction at lower pressures of 
ethylene. This was presumably due to the 1,3-dione acting as a ligand for the Pt complex, 








 Building off of previous methods, Gagne has developed a method for the 
intramolecular cyclization of phenolic dienes (Equation 1.9.2).44 This reaction differs 
from previous examples in that there is no carbonyl compound involved. The challenge 
associated with this methodology was the development of a ligand-metal system that 
would allow for protodemetalation while leaving the metal center sufficiently electron-
deficient to activate the alkene. A complex created from a “hard” i-PrPyBOX ligand and 
a “soft” Pt(II) metal accomplished this. Poly-ene cyclizations could be performed under 










An example of the direct addition of ketones to unactivated alkenes was reported 
by Dong and coworkers.45 This method utilized a bifunctional ligand that acts as an 
organocatalyst/directing group. This is in conjunction with an electron rich N-
heterocyclic carbene (NHC) ligand facilitated a reaction that is highly atom economical 
and was able to couple inexpensive unactivated coupling partners such as simple olefins. 
This is one of the rare examples of a method that allows for the direct addition of a 
ketone to an alkene. Some limitations to this reaction were that the substrate scope was 
limited to acyclic ketones, and high temperatures under glovebox conditions were 
required. (Equation 1.9.3) Using a similar catalytic system, The Dong lab has also 








 Despite the plethora of methods available for the addition of ketones/aldehydes to 
alkenes/alkynes, these have significant limitations, especially with regard to substrate 
scope. A reaction that proceeds through a catalytically generated nucleophile which 
would add to a π-acid activated unsaturated C-C bond in an intermolecular fashion using 
an air stable, functional group tolerant catalyst would be ideal. To overcome 
shortcomings in the previously described methods that precluded this, a Lewis acid/Lewis 
base bifunctional catalyst systems have been proposed. The development, synthesis, and 





Introduction to Bifunctional Catalysis 
 
2.1 Bifunctional Catalysis for Additions of Carbonyl Compounds to Alkynes 
 
Despite a substantial number of reports of dual catalytic intramolecular reactions 
for additions of carbonyl compounds to alkynes,29-34 reports of the intermolecular variant 
are scarce with limited substrate scope. In order to explore the reason for this, it is 
important to first define what is meant by “dual” versus “bifunctional” catalysis. In the 
most general terms, a dual catalytic system is one which utilizes two distinct catalysts to 
activate separate substrates. This simultaneous activation of the substrates leads to a 
reaction. (Figure 2.1.1) 
 
 





In a dual catalytic system, it is important to ensure that the two catalysts are compatible, 
in that they do not poison each other during the course of the reaction. The requirement 
that catalysts must be compatible is one limitation of using a dual catalytic strategy. In a 
bifunctional catalyst system, the same two catalytic components are present, and catalyze 
the substrates in the same manner, however they are tethered together within a single 
molecule. The key advantage to this approach is that it is possible to use two catalysts 
which may not be compatible in a dual catalytic system due to self-quenching 
(poisoning). Another advantage of a bifunctional catalyst is that it has the potential to 
improve reactivity by allowing the two substrates to react in an intermolecular fashion 
but via a “pseudo-intramolecular” transition state. This is because the catalyst scaffold 
can place the catalytically activated substrates at an optimal distance and orientation for 
the desired reaction to occur.  
 
An example of a dual catalytic system employed for the addition of carbonyl 
compounds to alkynes features both a Lewis acid and a Lewis base catalyst.34 The Lewis 
base catalyzes the formation of an enamine, which then acts as the nucleophilic species in 
the reaction. The Lewis acid catalyst activates the alkyne for nucleophilic attack. The 
enamine then attacks the alkyne followed by protodemetalation and hydrolysis of the 
iminium intermediate to give the desired product. (Figure 1.8.1)  
 
In order to hypothesize why there may be a lack of dual catalyzed intermolecular 
carbonyl additions to alkynes, and provide justification for exploring bifunctional 
catalysts to promote these reactions, it is important to consider potential side reactions 
34 
 
which may occur in a dual catalytic system. With a proper bifunctional catalyst design, it 
may be possible to minimize these side reactions. We hypothesized that in a dual 
catalytic system for the addition of carbonyl compounds to alkynes, the electron rich 
enamine intermediate may have a higher affinity for the Lewis acid than the alkyne 
(Figure 2.1.2). This would cause the enamine to displace the alkyne from the Lewis acid 
and prevent carbon-carbon bond formation. Presumably, alkyne displacement does not 
occur in intramolecar additions of carbonyl compounds to alkynes due to the close 
proximity of the enamine and Lewis acid bound alkyne, with the two reacting functional 
groups tethered together by the substrate. This presumably leads to rapid intramolecular 
carbon-carbon bond formation upon activation of the alkyne. 
 
 




 Another side reaction that could occur in an intermolecular reaction under dual 
catalytic conditions is the 1,2 addition of the alkyne to either the carbonyl or an iminium 
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Scheme 2.1.1 Competitive 1,2 addition of metal acetylide 
   
 
 
Again, this reaction will be less likely to occur in a dual catalytic intramolecular reaction 
because the intramolecular carbon-carbon bond formation occurs at a significantly faster 
rate than the  intermolecular 1,2-addition reaction. A bifunctional catalyst could promote 
carbon-carbon bond formation by holding the alkyne and enamine at an ideal orientation 
and distance from each other for C-C bond formation to be favored. A key feature of a 
bifunctional catalyst that could enable intermolecular coupling is the “pseudo-
intramolecular” transition state achieved by tethering the two catalytic components 
together with an optimal distance and orientation. With potentially prominent side 
reactions identified for the direct alpha addition of carbonyl compounds to alkynes with 
dual catalysts, the investigation of bifunctional catalysts for carbon-carbon bond 
formations is justified. Bifunctional catalysts have been used to perform a variety of 









2.2 Background on Bifunctional Catalysts 
 
Bifunctional catalysts can carry out a variety of reactions. These catalysts have 
been referred to as “hybrid”, “multifunctional”, or “bifunctional” catalysts. For the sake 
of consistency and clarity, any single molecule containing two different catalytic 
functionalities will be considered bifunctional in this dissertation. 
An example of a simple bifunctional catalyst was reported by Weichert and 
coworkers in 1971. This system used proline to perform an intramolecular aldol reaction. 
This was followed up by Hajos and coworkers who reported  the use of proline for an 





Due to the chiral nature of this catalyst, it was able to perform reactions in an asymmetric 
fashion. Proline acts as a bifunctional catalyst by activating one carbonyl group via the 
organocatalytic pyrrolidine moiety to form a nucleophilic enamine. The carboxcylic acid 
activates a second carbonyl group for nucleophilic attach via hydrogen bond donation. 
The enamine attacks the carboxcylic acid activated ketone to form the new carbon-carobn 
bond. After carbon-carbon bond is formed, the iminium intermediate is hydrolyzed by 
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water to regenerate the organocatalyst and give the desired ketol. A general mechanism 
depicting this transformation is illustrated below. (Figure 2.2.1) 
 





In 2000, List52 and coworkers reported that proline could catalyze intermolecular 
aldol reactions between ketone substrates. This was later followed-up by the MacMillan 







The authors reported high yields (80-88%) with a wide range of alkyl aldehydes with ee 
values typically >88%. Diastereoselectivity was greatly influenced by the steric bulk on 
the aldehyde substrates. With greater bulk anti:syn ratios of 24:1 could be achieved 
without drastically decreasing the yield. Slow addition of the donor aldehyde via syringe 
pump was necessary to prevent homodimerization of the donor aldehyde.  
  
 An example of a Lewis acid/Lewis base bifunctional catalyst for the addition of 
ketones to alkylidene malonates via Michael addition was reported by the Wang lab in 
2012.54 The catalyst contained an amine moiety to react with the ketone to form the 
nucleophilic enamine, and a chelating moiety to bind to a Lewis acid which would 
activate the malonyl electrophile. (Figure 2.2.2) 
 






This catalyst was not only successful in generating high yielding reactions, but the 
authors also reported high diastereo-, and enantioselectivities. Catalyst design was crucial 
to achieving a desirable yield and ee. For example, when the length of the carbon tether 
between the chelating portion of the ligand and the amine was increased, the yields of 
reactions fell drastically. Achieving proper spacing between the two reacting components 
is crucial. Additionally, switching from a bidentate to a tridentate ligand had a negative 
effect on diastereoselectivity showing that the choice of ligand was also of utmost 
importance. 
 






Another example of a bifunctional catalyst was reported by Leckta and coworkers 
in 2005 for the asymmetric synthesis of β-lactams.55 Synthesis of this class of molecules is 
important given their critical antibiotic properties.56 This catalyst is based on a chincona 
alkaloid structure which contains a chelating moiety to bind to a Lewis acid and a Lewis 
basic tertiary amine site. The reaction begins with the binding of the metal (in this case 
In(OTf)3 was optimal) to the ligand (1) and the reaction of the Lewis base with a phenyl 
ketene (2). (Scheme 2.2.1) Next, the imino ester (3) coordinates to the Lewis acid followed 
by carbon-carbon bond formation. A final transacylation step furnishes the desired product 
(4) and regenerates the catalyst. A high yielding, highly stereoselective reaction was 
achieved, with the stereoselectivity influenced by the carbon scaffolds effect on the 
transition state for carbon-carbon bond formation. It was proposed that carbon-carbon bond 
formation (the rate determining step) could come about via a mechanism where an 
activated nucleophile on one catalyst complex reacted with the activated electrophile on a 
separate complex in an intermolecular fashion. The authors reasoned that if this was the 
case, the rate of the reaction should depend on the square of the concentration of the 
catalyst. Several other parameters were studied such as the effect of free metal in the 
system, metal interaction with the enolate, and the potential for the Lewis acid to dimerize 
the ketene. The extent to which this system was studied shows that bifunctional catalyst 
systems can be extremely complex and that proper controls and/or studies should be 
performed to ensure that the catalyst is operating in the desired bifunctional manner. 
 
 In 1999, Shibasaki and coworkers reported a Lewis acid/Lewis base bifunctional 
catalyst for the asymmetric cyanosilyation of aldehydes.57 (Equation 2.2.3) Yields were 
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high (86->99%) with ee values >95%. This catalyst functions by activating the aldehyde 
via the coordinated aluminum and the Lewis basic phosphine oxide activates the TMSCN. 
In this system, the phosphine oxide proved crucial for achieving a highly enantioselective 
reaction, as it increased ee values from 9% to 45%. Its role is rationalized in the proposed 





Figure 2.2.3 Proposed transition state for asymmetric cyanosilyation of aldehydes
 
 
It was proposed that the phosphine oxide coordinates to the ligand-bound aluminum 
forming a trigonal bipyramidal complex when the aldehyde is coordinated. Coordination 
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of the aldehyde in this complex allows for favorable attack of the nucleophile from one 
face of the catalyst. The enantioselectivity of the reaction was further increased by slow 
addition of TMSCN via syringe pump. Changing the additive to Bu3P(O) drastically 
decreased the reaction times for non-aromatic aldehydes, and was found to be suitable for 
aliphatic and α,β-unsaturated aldehydes. This example demonstrates that some 
bifunctional systems might be further optimized with the addition of additives, since they 
can play a crucial role in achieving optimal reactivity and stereoselectivity.  
 
 A final example of a bifunctional  catalyst system was reported by Dong and 
coworkers (previously discussed in Chapter 1 Equation 10.3).45 Synthesis of the model 
complex outlined in Scheme 2.2.2 demonstrates how the secondary amine organocatalyst 
acts to activate the ketone via enamine formation while also chelating to the rhodium 
catalyst as a directing group, placing the catalyst in position to facilitate the desired 
reaction through a C-H activation mechanism. 
 






As briefly illustrated, ketone 5 reacts with amine 6 to form enamine 7. Next the rhodium 
catalyst is added along with PMe3, which was used in this study to obtain a crystal 
structure of complex 8. Complex 8 is then capable of undergoing olefin insertion and β-
hydride elimination followed by hydrolysis of the iminium intermediate to give the 
desired product. The entire proposed catalytic cycle for this reaction is outlined below. 
(Figure 2.2.4) 
 




These examples demonstrate how a bifunctional catalytic approach can be utilized 
to promote a multitude of important transformations. When designing a bifunctional 
catalyst the components (Lewis acid, Lewis base, ligand, additives, etc.) must be 
carefully considered in order to develop an effective catalyst. It is indeed possible to use 
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bifunctional catalysts to promote high yielding and highly stereoselective reactions. For 
further examples of bifunctional catalysts see the reviews by Xiao,58 Shibisaki,59 Trost,60 
and Feng.61 
 
2.3 Design and Synthesis of Oxazoline-Based Scaffolds for Hybrid Lewis Acid/Lewis 
Base Catalysis of Carbon–Carbon Bond Formation1 
 
 
 With a goal to develop bifunctional catalysts for asymmetric aldol reactions, we 
envisioned a bifunctional catalyst which consisted of a proline-based organocatalyst (i.e. 
pyrrolidine) connected to a heterocyclic spacer and a Lewis acid chelating moiety. A 
significant challenge when designing bifunctional catalysts is the possibility for self-
quenching. It is necessary for the activating moieties to be close enough in space to bring 
the substrates together, but not so close as to quench each other. The initial design 
utilized 5-membered heterocycles to act as a spacer between the amine and Lewis acid, 
while concurrently acting as a multidentate ligand to hold the Lewis acid in a favorable 
orientation. The desire for air and moisture-tolerant catalysts inspired the design of 
oxazoline-based systems, a well-established ligand for asymmetric synthesis using a 
variety of Lewis acidic transition metals. (Figure 2.3.1). Our efforts in this endeavor led 
to a report titled “Design and Synthesis of Oxazoline-Based Scaffolds for Hybrid Lewis 












 Several variations of pyrrolidine-azole-oxazoline precatalysts were synthesized 
before screening could commence. The synthesis of a pyrrolidine-thiazole-oxazoline 
precatalyst is outlined in Scheme 2.3.1. 
 




Synthesis of this precatalyst began with the peptide coupling of N-Boc-L-proline and L-
threonine methyl ester with EDC to give the desired amide 9 in good yield. Subsequent 
DMP oxidation and treatment with Lawesson’s reagent63 produced thiazole 11, followed 
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by ester hydrolysis to yield acid 12. Peptide coupling of 12 with 2,2-dimethyl-2-
aminoethanol using EDC led to unsatisfactory yields, so alternatively the mixed 
anhydride was prepared from isobutyl chloroformate and treated with the amino alcohol, 
giving amide 13 in reasonable yield. Oxazoline 14 was synthesized using analogous 
conditions to the oxazole, and finally amine deprotection with TFA and neutralization 
gave the thiazole–oxazoline precatalyst 15b. Utilizing similar methodology, several other 
precatalysts were synthesized. (Figure 2.3.2) 
 
Figure 2.3.2 Precatalysts synthesized for asymmetric cross aldol reactions 
 
 
Unfortunately screening of 15b led to inferior yields and enantioselectivity. Therefore, 
the screening results reported are primarily focused on lead catalyst 16b. 
 
 With a collection of precatalysts in hand, they were tested in the direct aldol 
reaction of propionaldehyde and 4-nitrobenzaldehyde.64 Reactions were run with 0.1 
mmol of 4-nitrobenzaldehyde as the limiting reagent, and were treated with excess 
NaBH4 after completion of the reactions to reduce the aldehyde products and prevent any 
epimerization or condensation reactions that could complicate the analyses. Isomer ratios 
and reaction yields were measured by chiral normal-phase HPLC. Each precatalyst was 
initially tested with 15 different metal salts in THF, with select results presented in Table 
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2.3.1. The best results were observed with the oxazole–oxazoline catalyst 16b (entries 1 
to 12). Several common Lewis acids yielded no reaction when combined with 16b 
(entries 1 to 5). Counterion effects were observed with some metal salts; for example 
InCl3 (entry 6) gave superior yield to In(OTf)3 (entry 7), and superior enantioselectivities 
were observed with Zn(OTf)2 (entry 12) than with ZnBr2 (entry 11). Moderate anti 
selectivity (77%) and good enantioselectivity (79% ee) was observed with Mg(OTf)2, 
however the yield (17%) was low (entry 10). Although the amount of unreacted 4-
nitrobenzaldehyde was not normally quantified, low yielding reactions did contain large 
amounts of unreacted 4-nitrobenzaldehyde, which was observed as the 4- nitrobenzyl 
alcohol after reductive work-up. Precatalysts 17b, 18b, and 15b generally showed 
decreased yields and enantioselectivities; representative results with Zn(OTf)2 are 
provided (entries 13 to 15). The primary amine precatalyst 17b was the only example 
showing any syn selectivity (64% syn, entry 13). As a benchmark for these studies, L-
proline, previously reported for cross-aldol reactions with aldehydes,53 gave moderate 
anti selectivity (81%) and enantioselectivity (83% ee), but with only 33% yield (entry 
16). No reaction was observed with only Zn(OTf)2 (entry 17) and minimal reaction was 
observed with only 16b in THF (entry 18); further control reactions are discussed with 
Table 2.3.2. A screen of several additives (acids, bases, Lewis bases, and halide salts) for 
aldol reactions with benzaldehyde and 4-nitrobenzaldehyde did not yield any 
improvements in diastereoselectivity, enantioselectivity, or yield with Zn(OTf)2 or InCl3 
and several different precatalysts; the only exception was the use of some basic additives 
such as DBU, which increased the yield but reduced enantioselectivities. This is 
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presumably due to a background reaction, as well as facilitating a retro-aldol reaction 
which could equilibrate the isomeric mixture of products. 
 
Table 2.3.1 Select precatalyst and metal salt screening results for direct aldol reaction of 
propionaldehyde and 4-nitrobenzaldehyde a 
 
 
Entry Precatalyst Metal salt % syn % syn ee % anti % anti ee % Yield 
1 16b NiI2 – – – – NR 
2 16b CuBr2 – – – – NR 
3 16b Cu(OTf)2 – – – – NR 
4 16b AgOTf – – – – NR 
5 16b Sn(OTf)2 – – – – NR 
6 16b InCl3 35 2 65 13 48 
7 16b In(OTf)3 43 9 57 12 16 
8 16b Sm(OTf)3 35 5 65 40 44 
9 16b Yb(OTf)3 33 20 67 25 58 
10 16b Mg(OTf)2 23 6 77 79 17 
11 16b ZnBr2 49 28 51 10 60 
12 16b Zn(OTf)2 37 55 63 58 48 
13 17b Zn(OTf)2 64 30 36 49 16 
14 18b Zn(OTf)2 27 1 73 14 39 
15 15b Zn(OTf)2 51 4 49 24 48 
16 L-proline – 19 5 81 83 33 
17 – Zn(OTf)2 – – – – NR 
18 16b – 46 14 54 45 8 
a Enantiomeric excess (ee) and yield determined by chiral HPLC with 1,2-dichlorobenzene as internal 
standard. Reactions were run for 24 h with 0.10 mmol 4-nitrobenzaldehyde (0.1 M final concentration), 




The most promising results were observed in studies of solvent effects and added 
water (Table 2.3.2). In particular, water had a significant effect on both 
diasteroselectivity and enantioselectivity. The use of 1:1 MeCN:H2O gave a significant 
improvement in yield versus just MeCN, but decreased the enantioselectivity for the anti 
product (entries 5 vs. 6). Alternatively, decreasing the amount of water by an order of 
magnitude (entry 7) gave excellent enantioselectivity (92% ee for the anti product) with 
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the catalyst generated from 16b and Zn(OTf)2, with moderate yield (54%). Decreasing 
the amount of water decreased the diastereoselectivity, and decreased the 
enantioselectivity of the anti product significantly. The use of 9:1 MeCN:H2O also gave 
excellent results with 16b + InCl3 (90% anti selective, 93% ee, 52% isolated yield, entry 
11). Data from several control experiments are also included in Table 2.3.2.  
 
To demonstrate that optimal results were observed with a bifunctional catalyst 
over dual catalysis using a discrete organocatalyst and Lewis acid catalyst, the use of 
several catalyst combinations for the addition of propionaldehyde to 4-nitrobenzaldehyde 
under optimal conditions were studied. First, the Boc-protected precursor 22 to the 
bifunctional precatalyst 16b gave only trace reaction on its own (entry 13), and also trace 
reaction when combined with Zn(OTf)2 (entry 14); at most compound 22 could act as a 
ligand for Zn(OTf)2. Racemic 2-phenylpyrrolidine was used to replace Lewis or Brønsted 
basic aspects of the bifunctional catalyst; it gave a fairly significant background reaction 
(30% yield, entry 15), but this was attenuated when it was combined with Zn(OTf)2 (11% 
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56 6 44 0 29 
a Reactions were run with 0.10 mmol 4-nitrobenzaldehyde (0.1 M final concentration), 0.20 mmol 
propionaldehyde, and 10 mol% precatalyst and metal salt for 24 h, unless otherwise noted. Enantiomeric 
excess (ee) and yield was determined by chiral HPLC with 1,2-dichlorobenzene as internal standard. b 
Isolated yield. Reactions were run for 48 h with 1.0 mmol 4-nitrobenzaldehyde, at a final concentration of 





With the combination of 22 + Zn(OTf)2 (10 mol% each) plus 2-phenylpyrrolidine (entry 
17), no improvement in yield was observed compared to simply 2-phenylpyrrolidine, 
which suggests that a dual catalysis mechanism may not be operative, and therefore 16b 
+ Zn(OTf)2 (entry 7) may indeed act as a bifunctional catalyst. Zn(OTf)2 was selected 
over InCl3 for further study because of the propensity of InCl3 to promote a background 
reaction via a non-bifunctional catalyst pathway. It was observed that pyrrolidine and 
InCl3 (10 mol% each) promoted the addition of propionaldehyde to 4-nitrobenzaldehyde 
in THF at room temperature in 48% yield, though no reaction was observed with 
benzaldehyde under these circumstances. 
 
 The combination of 16b and Zn(OTf)2 was tested with several alternative donor 
and acceptor combinations (Table 2.3.3). A sluggish reaction of propionaldehyde with 4-
chlorobenzaldehyde (entry 2) was observed, and no reaction was observed between 
benzaldehyde and several different donors. A low yielding reaction was observed 
between cyclohexanone and 4-nitrobenzaldehyde (entry 7). 
 
In order to potentially elucidate the nature of the active catalysts and the factors 
that may govern their reactivities, some simple NMR studies were performed examining 
the interactions between precatalyst 16b and several metal salts giving catalysts with 














1 19a 20a 23aa 27 79 73 92 54b 
2 19a 20b 23ab 57 34 43 49 9 
3 19a 20c 23ac – – – – NR 
4 19b 20a 23ba – – – – NR 
5 19b 20b 23bb – – – – NR 
6 19b 20c 23bc – – – – NR 
7 19c 20a 24ca 5 58 95 29 18 
8 19c 20b 24cb – – – – NR 
9 19c 20c 24cc – – – – NR 
a Unless otherwise noted, reactions were run with 0.4 mmol acceptor and 0.8 mmol donor with 10 mol% 16b and 10 mol% Zn(OTf)2 in 
9:1 MeCN:H2O, for 24 h at 20 °C (with 19a) or for 48 h at 70 °C  (with 20b and 20c). Enantiomeric excess (ee) and yield was determined 
by chiral HPLC with 1,2-dichlorobenzene as internal standard. Reductive work-ups were performed for reactions with aldehyde donors 
(19a, 19b). b Isolated yield after 48 h with 1.0 mmol 4-nitrobenzaldehyde and 2.0 mmol propionaldehyde, at a final concentration of 
0.25 M. See Supporting Information for details. NR = no reaction observed. 
 
 
With zinc salts, broad peaks were observed, suggesting that multiple coordination states 
are present that interchange on the NMR time scale. Spectra with InCl3 were more 
informative. The combination of 16b and 1 equivalent of InCl3 led to downfield shifts in 
all of the signals in the spectrum of 16b (Figure 2.3.3), suggesting that the metal may 
coordinate to both the oxazole–oxazoline as well as the pyrrolidine moieties. 
Interestingly, the diastereotopic oxazoline methylene and methyl protons become 
separate signals only after metal coordination. The substantial shift of the protons at both 
the 2 and the 5 positions of the pyrrolidine (labeled a and d in the figure) after addition of 
InCl3 is additional evidence that coordination to the pyrrolidine nitrogen is occurring, and 





Figure 2.3.3 1H NMR spectra in CD3CN of 16b (top) and 16b + 1 eq. InCl3 (bottom) 
 




We hypothesized that the lack of  improvement in catalytic activity of the bifunctional 
catalysts versus simple amine-based organocatalysts may be due to the fact that the amine 
is at least partially tied up by the metal, even if it is in a reversible fashion. When excess 
16b (up to 2.5 eq.) was mixed with InCl3, there was no evidence for the combination of 
free ligand in solution together with a ligand–metal complex. This suggested a dynamic 
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binding process where the ligand is coming on and off the metal rapidly, giving a 
spectrum that represents the average of each ligand species. There is also no change in 
these spectra upon cooling to –20 °C, which suggested that any exchange process is very 
rapid on the NMR time scale. 
 
In conclusion, several heterocyclic scaffolds capable of supporting bifunctional 
Lewis acid/Lewis base catalysis were prepared. Proof of concept was obtained for the 
bifunctional catalysis of a direct aldehyde cross-aldol reaction using a proline-derived 
oxazole–oxazoline scaffold (16b) with a number of Lewis acids, though the substrate 
scope was limited. In 2016, Dockendorff and coworkers reported additional heterocycle 
based bifunctional catalysts for cross aldol reactions.65 With a proof of concept for 
bifunctional catalysis achieved, we next sought to develop catalyst systems for the 




Bifunctional Cu(I) Catalysts for Additions of Ketones and Aldehydes to 
Alkynes 
 
3.1 Intramolecular (Conia-ene) Reaction Lewis Acid Screening 
 
With the goal of developing a bifunctional catalyst that would promote the alpha 
alkenylation of carbonyl compounds with alkynes, our general strategy to approach this 
problem was to: 1) design bifunctional catalysts with the aid of density functional theory 
(DFT) calculations, 2) synthesize the most promising precatalysts, and 3) screen the 
precatalysts in reactions between a variety of ketones/aldehydes and alkynes. Our unique 
catalyst design strategy and initial efforts at the identification of active catalysts led to the 
publication of a report titled “DFT-assisted design and evaluation of bifunctional 
copper(I) catalysts for the direct intermolecular addition of aldehydes and ketones to 
alkynes”.66 These studies are described in detail in this chapter. 
 
 We first decided to explore Lewis acid and ligand combinations that could be 
suitable for alkyne activation. We could then incorporate these into our bifunctional 
catalyst systems. Due to the literature precedent for intramolecular reactions with formyl 
alkyne substrates, we decided to use formyl alkyne 25 and the intramolecular reaction 
conditions reported by Michelet33,34 as a model system for Lewis acid screening (Table 
3.1.1). Lewis acids selected for this screen were primarily those used in previous reports 
of additions of carbonyl compounds to alkenes or alkynes.27-37,42,43 
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Table 3.1.1 Intramolecular (Conia-ene) reaction screen 
 
 
Entry Metal catalyst Ligand Yield 
(%)a 
1 (CH3CN)4CuBF4b – 37 
2 CpCo(CO)2b – - 
3 PPh3AuCl/AgSbF6 – 34 
4 PtCl2/ AgSbF6 – 17 
5 InCl3 – <5 
6 AgSbF6 – 52 
7 Zn(OTf)2 – <5 
8 NiCl2 – <5 
9 (CH3CN)4CuBF4c – 11 
10 Cu(OTf)2 – 14 
11 (CH3CN)4CuBF4 H-dpa <5 
12 (CH3CN)4CuBF4 (R,R)-Ph-BOX 16 
13 (CH3CN)4CuBF4 1,10 
phenanthroline 
<5 
14 – – <5 
 
a Formyl alkyne (0.020 g, 0.079 mmol) was added to a 1.5 mL HPLC vial followed by cyclohexylamine (1.8 𝜇L, 0.016 
mmol). 10 min. later, the metal salt (0.012 mmol) was added and reactions stirred for 16 h.  Reaction mixtures were 
filtered through a silica plug, condensed, and yields measured by 1H NMR using pentachloroethane as an internal 
standard. b Reagents were mixed in the glove box. c Bu4NCl (1.0 eq.) was added. 
 
 
The best results were obtained with the group 11 salts copper (I), silver (I), and gold (I) 
(entries 1, 3 and 6). The use of a Cu(II) species (Cu(OTf)2) showed some reactivity (entry 
14), presumably due to the reduction of Cu(II) to the reactive Cu(I) species by the 
amine.67 Inspired by previous reports of Cu(I) catalysts in Conie-ene type reactions,33,34 
we decided to explore Cu(I) systems to determine if a ligand accelerated system could be 
found.68 To test this, a variety of ligands were screened with Cu(OTf)2. We found that this 
system tolerated a range of different ligands, including 1,3-propanediol, bipy, pyridine-2-
carboxamide, 2-picolinic acid, PhBOX, and TADDOL (data not shown). However, no 
ligands were identified that gave superior yields to reactions run absent of any ligand 
(entry 1). Several ligands were tested directly with the Cu(I) salt (CH3CN)4CuBF4 
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(entries 11-13). In these cases, reactivity was decreased. We hypothesized this to be due 
to 2:1 ligand:metal binding or other complex binding modes that would not leave an open 
coordination site on the Cu salt for alkyne activation. With confirmation of Cu(I) as an 
appropriate Lewis acid for intramolecular reactions, we were curious as to why there 
were no reports of intermolecular alpha additions of carbonyl compounds to alkynes.  
 
3.2 Intermolecular Studies Related to Dual Catalysis 
 
 With Cu(I) selected as our Lewis acid of choice, before development of a 
bifunctional catalyst, we decided to explore whether intermolecular reactions with this 
metal salt would be possible with a dual catalytic system with a separate aminocatalyst 
for carbonyl activation. We hypothesized that dual catalytic systems would not be active 
due to the ability of the electron rich enamine, formed in the course of the reaction, to act 
as a stronger ligand for the Lewis acid than the alkyne. This was an interaction which we 
believed could be prevented in a bifunctional catalyst system.  
 
To test this hypothesis, NMR studies were performed to identify whether an alkyne 
would remain bound to a Cu(I) complex in the presence of an enamine (Scheme 3.2.1). 
First (2,2'-dipyridylamine)Cu(I) complex 27 was first formed by adding 1 equivalent of 
(CH3CN)4CuBF4 to the ligand in CDCl3. Following the formation of the metal complex, 1 
equivalent of phenylacetylene was added and complex 28 was observed via 1H NMR. In 
subsequent experiments a crystal structure of 28 was obtained.  
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Scheme 3.2.1 Enamine displacement of alkyne from (2,2'-dipyridylamine)Cu(I) 





 (Figure 3.3.6) The alkyne proton was shifted downfield from 3.07 ppm to 4.01 ppm in 
CDCl3. With the alkyne complex in hand, preformed enamine 29 was added. 
1H NMR 
analysis after the addition showed the vinyl enamine proton to be shifted upfield to 3.99 
ppm from 4.29 ppm suggesting the interaction shown in 30. Also, the alkyne proton had 
shifted back to its native position at 3.07 ppm. Since by 1H NMR we could not rule out 
the possibility of a small amount of alkyne being bound to the Lewis acid, and remaining 
capable of undergoing the desired addition reaction, the mixture was allowed to stir 
overnight. LC-MS analysis of the reaction mixture showed consumption of 
phenylacetylene to give a new product, that 1H NMR confirmed as adduct 31, which 
presumably formed upon addition of a copper-acetylide to an iminium intermediate. In 
2013, Ma and coworkers reported a Cu(I) catalyzed 1,2 addition of terminal alkynes to 
enamines via a copper acetylide species,47 and the Larson group reported a similar Cu(II) 
catalyzed reaction.48 An analogous NMR study was performed where 1 equivalent of the 
internal alkyne 1-phenyl-1-propyne was added to 27, followed by the addition of enamine 
29. This resulted in displacement of the alkyne with no further reaction of any of the 
starting materials. With our hypothesis thus supported that dual catalytic intermolecular 
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additions could be problematic, we set out to develop a Cu(I)-based bifunctional system 
that may not suffer from competitive displacement of coordinated alkynes.  
 
3.3 Design of Bifunctional Catalysts for Direct Alpha Additions of Alkynes to 
Carbonyl Compounds 
 
 We elected to repurpose our previous bifunctional catalyst design for cross aldol 
reactions62,65  for additions of carbonyl compounds to alkynes. In general, these catalysts 
would consist of the same two catalytic components (an organocatalytic amine and π-acid 
chelating moiety). Our previous reports for cross aldol reactions suggested that 
pyrrolidine, primary, or secondary acyclic amine moieties could all potentially act as 
effective organocatalytic moieties in a bifunctional system. Based on the reports of Cu(I) 
catalyzed intramolecular additions to alkynes by Michelet,33,34 and the results of our 
Lewis acid study, we reasoned that a catalyst suitable for binding Cu(I) could promote an 
intermolecular reaction if the alkyne substrate can be coordinated at the proper distance 
and orientation to the enamine (Figure 3.3.1). We hypothesized that a catalyst with a 
tridentate ligand moiety could adopt a favorable distorted tetrahedral Cu(I) geometry 
when bound to the alkyne.69 We also presumed that a tridentate ligand would promote 1:1 
ligand-metal binding as opposed to other, more complex binding modes (2:1 or 2:2 
ligand-metal binding) that could be catalytically inactive. We hypothesized that the 
central heterocycle could act as a hemilabile ligand which would have the ability to de-
complex from the metal to relieve ring strain of the macrocyclic intermediate formed 
after C-C bond formation.   
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Figure 3.3.1 General catalyst structure for Cu(I) catalyzed additions to alkynes with 




 With a catalyst design in mind, there were several factors to consider when 
determining which ligand and organocatalytic moiety should be used. First is the amine 
component of the catalyst. The amine’s function is to form an enamine from either a 
ketone or aldehyde and act as the nucleophile which will add to the unsaturated C-C 
bond. When designing the amine portion of the catalyst, it is also important to consider 
the distance that the enamine will be from the Lewis acid moiety of the catalyst. If the 
enamine is too close to the Lewis acid it may bind to it and quench the catalyst. If it is too 
far away, the substrates won’t be able to achieve proper orbital overlap for carbon-carbon 
bond formation to occur. (Figure 3.3.2) 
 
 




The amine component of the catalyst can be modified in the following ways. 
First, either a primary or secondary amine can be incorporated. Adjusting this property 
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will influence nucleophilicity70 and the steric environment around the amine, which will 









Alternatively, cyclic amines or acyclic secondary amines may also be used. Cyclic 
amines will have a more restrained structure which may be advantageous if the amine 
needs to be held in a strictly defined position. Acyclic amines will give more flexibility 
and can be easily diversified with a variety of substituents via amine alkylation reactions. 
The type of amine used will affect the geometry of the enamine that is formed, which 
may impact on the ring strain of the macrocyclic intermediate formed after carbon-carbon 
bond formation. 
 
The next component of the catalyst to consider is the chelating section, which will 
act as a ligand for the π Lewis acid, in this case Cu(I). As previously mentioned, a 
tridentate ligand could adopt the desired tetrahedral geometry when the alkyne is 
coordinated. It is also important to consider the electronic properties of the ligand 
component as different ligands will be better suited for different Lewis acids and the 
“hard/soft” nature of the ligand and metal must be appropriately matched.71,72 The ligand 
will also influence the electron density about the metal center which plays a crucial role 
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in the metal's ability to activate unsaturated C-C bonds. The metal must be sufficiently 
electron poor to accept sigma donation from the unsaturated compound in order to make 
it electrophilic enough to be susceptible to outer sphere nucleophilic attack from the 
enamine. For example, strong electron donating ligands may promote formation of a 
stronger alkyne complex due to additional π backbonding form the more electron rich 
metal,  but with increased backbonding, the alkyne becomes less electrophilic.23 
Conversely, weakly donating ligands may increase the electrophilicity of the alkyne 
during activation but may not form an acceptably strong alkyne complex. Initially, we 
proposed several common ligand structures that may be suitable for chelating Cu(I) for 
alkyne activation. (Figure 3.3.4) 
 






With all the components in the catalyst system incorporated into one molecule, the 
intermolecular addition of the two separate reaction partners (alkyne and carbonyl) may 
occur in a “pseudo intramolecular” reaction. The hypothesis is that this will prevent 
catalyst self-quenching and accelerate C-C bond formation. The proposed reaction 
sequence is depicted in Figure 3.3.5. The metal coordinates to the precatalyst 32, 
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followed by the formation of an enamine via the attack of the amine component on the 
carbonyl compound and coordination of the alkyne to the metal to form intermediate 33. 
Next, the enamine then attacks the activated alkyne to form 34 in a “pseudo 
intramolecular” carbon-carbon bond forming step. After the addition, the substrate is 
removed from the metal via protodemetalation. Lastly, the iminium intermediate is 
hydrolyzed to give the product 35 and regenerate the active catalyst.  
 
Figure 3.3.5 A proposed mechanism of bifunctional catalysis for direct addition of 





With our general catalyst design in mind, we decided to refine our catalysts with the aid 
of density functional theory (DFT) calculations.2 To prioritize catalyst designs and limit 
the number of precatalysts synthesized, we evaluated our designs using geometry 
optimization and energy calculations. To provide an initial test for these calculations, we 
calculated the structure of the (2,2’-dipyridylamine)Cu(I) alkyne complex, which was 
used in our 1H NMR studies, using the functional B3PW91,73 with the LANL2DZ74 basis 
set for Cu, and cc-pVDZ75 for all other atoms. The calculated structure was found to be in 
good agreement with the structure of the same complex that we obtained by X-ray 
crystallography (Figure 3.3.6). Using this DFT method, we computed the ground state 
 
2 Work in this section was performed in partnership with Eric Greve. 
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energies of Cu-alkyne complexes 36, and compared these to the energies of the 
organocopper adducts 37 obtained after the desired C-C bond formation (Figure 3.3.7). 
 
Figure 3.3.6 Comparison of DFT-computed (2,2’-dipyridylamine) Cu(I) complex (left) 
vs X-ray structure (right) 
 
X-ray structure of (2,2’-dipyridylamine)Cu(I) complex with phenylacetylene (right); analogous DFT-optimized 
structure (left). Calculation used functional B3PW91, basis set LANL2DZ for copper, and basis set cc-pVDZ for all 








We hypothesized that an energetically unfavorable carbon-carbon bond formation step to 
form 37 would preclude catalysis. Therefore, catalysts that were calculated to be more 
exergonic for this reaction would be prioritized. It should be noted that only the ground 
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state energies of complexes of varieties 36 and 37 were calculated, and no transition state 
energy calculations were performed. 
 
A series of calculations were run evaluating different amine, heterocycle, and 
ligating components of the catalyst by analyzing the ground state geometries and energies 
of alkyne complexes 38 and alkenylcopper adducts (Table 3.3.1). These adducts could 
possess a cis or trans geometry (39 and 40), and the difference in energy between these 
two isomers was compared for each change made to the ligand. However, we observed 
that the trans isomer was energetically unfavorable in almost all cases. This is likely due 
to increased ring strain in the macrocyclic intermediate. We began by optimizing the 
heterocyclic portion of the ligand (Table 3.3.1, entries 1-6). Imidazole, oxazole, and 
thiazole heterocycles were all calculated to be exergonic to some extent for C-C bond 
formation. The thiazole-based catalyst was identified as the most exergonic for C-C bond 
formation. We next evaluated the amine moiety. We hypothesized that sterically-hindered 
amines may avoid poisoning the metal center on a different catalyst in an intermolecular 
fashion. However, bulkier amines would also slow the rate of enamine formation. 
Catalysts with N-methyl and N-benzyl amines as well as pyrrolidine-based catalysts were 
compared (entries 5-10). All variations were similarly exergonic (entries 5, 7, and 9), 
with the N-benzyl catalyst being more energetically favorable (-2.9, -2.1 and -3.8 
kcal/mol respectively). Lower favorability with the pyrrolidine was presumed to be due 
to the increase in strain on the macrocyclic intermediate in this system because of the 
constrained nature of the amine. The N-methyl based catalysts were not explored further 
due to concerns that there would not be enough bulk around the amine to prevent 
66 
 
intermolecular catalyst poisoning. The western ligating portion of the catalyst for the N-
benzyl and pyrrolidine-based catalysts were explored further. The N-benzyl catalyst was 
prioritized due to ease of synthesis and being the most energetically favorable of the 
group for C-C bond formation. 
 
 
Table 3.3.1 DFT calculations for C-C bond formation with acetone and acetylene 
 
  
Entry R1 R2 X R3 cis/trans ΔG 
(kcal/mol) 
1 Me H NH A cis –0.3 
2 Me H NH A trans +1.1 
3 Me H O A cis –1.2 
4 Me H O A trans +10.3 
5 Me H S A cis  –2.9 
6 Me H S A trans –0.04 
7 -(CH2)3- S A cis –2.1 
8 -(CH2)3- S A trans +11.0 
9 Bn H S A cis  –3.8  
10 Bn H S A trans +3.6 
11 Bn H S B cis –10.2 
12 Bn H S B trans +6.4 
13 -(CH2)3- S B cis –5.5 
14 -(CH2)3- S B trans +1.6 
15 Me H S C cis  –10.3 
16 Me H S C trans –4.1 
17b Bn H S B cis –17.1 
 
 
      
 
a All calculations used functional B3PW91, basis set LANL2DZ for copper, and basis set cc-pVDZ for all other atoms, 





 Although not calculated to be as energetically favorable for C-C bond formation 
as the N-benzyl precatalyst, a precatalyst with a pyrrolidine as Lewis base was of interest 
due to its established effectiveness as an organocatalyst, particularly with other 
bifunctional systems.52,53,62,65 The last modifications came to the eastern portion of the 
ligand (R3, entries 9-16). Comparison between the phenolate and quinoline-based 
versions of the N-benzyl catalyst (entries 9 and 11) showed a significant improvement in 
delta G with the quinoline over the phenolate ligand (-3.8 vs -10.2 kcal/mol). A similar 
trend was observed with the pyrrolidine (entries 7 and 12), although to a lesser extent. 
This increase in exergonicity for C-C bond formation is believed to be due to the 
generation of a cationic Cu(I) species with the quinoline versus neutral Cu(I) with the 
phenolate. The reduced electron density around the metal center allows for more sigma 
donation from the bound alkyne, making it more electrophilic and carbon-carbon bond 
formation more favorable.  
 
A final set of calculations was run with a phosphine-based ligand with the N-methyl 
amine moiety (entries 15 and 16).  This produced C-C bond formation that was calculated 
to be equally exergonic to the N-benzyl quinoline based catalyst (entry 15), however 
attempts to synthesize the phosphine-based ligand ultimately failed due to decomposition 
of the phosphine via oxidation. A calculation run with Ag(I) in place of Cu(I) with the N-
benzyl quinoline showed Ag(I) as a superior metal in terms of thermodynamics of C-C 
bond formation (entries 11 and 17). However, these calculations showed an alkyne 
complex where the enamine was oriented perpendicular to the alkyne. We suspected that 
this enamine-alkyne orientation would not lead to a productive reaction (Figure 3.3.8).  
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 Given that initial calculations were run with simply acetone and acetylene, we 
wanted to ensure that these catalysts would also be favorable for more complex 
substrates. 
 
Figure 3.3.8 Comparison of DFT-minimized structures of Cu(I) vs Ag(I) for bifunctional 








aComparison of DFT calculations of Cu(I) (A) vs Ag(I) (B) for bifunctional catalysis of C–C formation with acetone and acetylene 
(Table 2, entries 11 and 17). Copper is red, silver is pale gray, and the enamine and alkyne carbons are highlighted in yellow in the 
calculated structures (colored red and blue in the ChemDraw structure, respectively). All calculations used functional B3PW91, basis 





Since the N-benzyl-thiazole-quinoline and pyrrolidine-thiazole-quinoline based catalysts 
were identified as the most promising, a small series of calculations were run with these 
catalysts using acetone and 1-butyne as substrates (Table 3.3.2). Given the trend 
observed in Table 3.3.1, only the cis adducts were calculated due to the unfavorable 
energetics previously observed with the trans adducts.  
 
Table 3.3.2 DFT calculations for bifunctional catalysis of C–C bond formation with 












With unsymmetrical alkynes there are two different sites for addition, giving two 
potential cis adduct structures (42 and 43), and the difference in energy of these adducts 
was calculated (Table 3.2.2). Both the N-benzyl and pyrrolidine catalysts showed more 
favorable addition to the terminal carbon of the alkyne in complex 43 (entries 1 and 3) at 
-3.6 vs -4.7 kcal/mol respectively. The enamine also adopted an orientation with respect 
to the alkyne that we believed would be conducive to C-C bond formation (Figure 3.3.9). 
Entry R1 R2 adduct ΔG 
(kcal/mol) 
1 -(CH2)3- 42 –4.7 
2 -(CH2)3- 43 –0.3 
3 Bn H 42 –3.6 
4 Bn H 43 –2.4 
aAll calculations used functional B3PW91, basis set 
LANL2DZ for copper, and basis set cc-pVDZ for all 




As predicted, many examples similar to adduct 45 showed the decomplexation of the 
heterocycle nitrogen. The hemilabile nature of this ligand could allow the relief of ring 
strain in the macrocyclic intermediate. 
 
Figure 3.3.9 Representative DFT-optimized structures of complexes from reactions with 
acetone and 1-butyne 
  
 
Representative DFT-optimized structures of alkyne complex (10) and adduct after C–C bond formation (11). Enamine and alkyne 
carbons are highlighted in yellow in the calculated structures. 
 
 
After DFT evaluation of these catalyst scaffolds, we prioritized the N-benzyl thiazole-
quinoline and pyrrolidine-thiazole-quinoline based catalysts with Cu(I) metal salts for 
synthesis and study. 
 
3.4 Synthesis of Precatalysts 
 
 Our next objective was to develop modular syntheses of promising heterocyclic 
precatalysts. Our results are summarized in Schemes 1 and 2. Based on our DFT 
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calculations, we focused on thiazole-containing precatalysts, initially using N-Boc 
glycine 46 as starting material. (Scheme 3.4.1) Amide coupling with 47, followed by 
Dess-Martin Periodinane (DMP) oxidation of 48, yielded the known dipeptidyl ketone 49 
in good yield. Heating with Lawesson’s reagent provided the thiazole 50,63 followed by 
N-benzylation using sodium hydride and benzyl bromide in DMF to give 51. 
 
 




Reduction of the ester proceeded cleanly with sodium borohydride and catalytic sodium 
triacetoxyborohydride. Mesylation of the primary alcohol 52 and addition of sodium 
azide generated azide 53, which was reduced with hydrogen and catalytic palladium on 
carbon. The resulting primary amine 54 could be combined in a modular fashion using 
reductive alkylation (amination) conditions with a variety of aldehydes to generate final 
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precatalysts (55a–d) after Boc deprotection. Reductive amination of the quinoline-based 
precatalysts in THF was complicated by the prominent formation of bis-alkylated 
byproducts which were not easily separable by column chromatography. Stepwise 
attempts to reduce the pre-formed imine with sodium borohydride yielded identical 
results. The use of acetic acid as a solvent was discovered to suppress the formation of 
the over alkylated byproduct, though reactions with these substrates were difficult to push 
to completion. 
 




A sulfonic acid resin (Amberlyst 15®) was effective for both Boc removal and trapping 
the final diamine products, which allowed impurities to be washed away and the desired 
products released in high purity after basification with ammonia in methanol. Analogous 
proline-based precatalysts (64a–d) were synthesized by Eric Greve using a similar 
synthetic route (Scheme 3.4.2). 
 




 With a library of precatalysts in hand, we proceeded to test them in a variety of 
reaction screens, utilizing GC-MS to analyze each reaction. For initial screening, 
cyclopentanone was selected due to its well-established reactivity for enamine 
formation.76 We chose internal alkynes as our initial substrates based on our finding that 
terminal alkynes may have unwanted reactivity due to the potential for copper acetylide 
species to form. We screened precatalyst 55a with a variety of solvents (Table 3.5.1), 
such as polar solvents (entries 1–6), which yielded no reaction at 50 °C. It is possible that 
these coordinating solvents competed for binding with the alkyne and therefore 
preventing reactivity. Chloroform and toluene (entries 7–10) also showed only starting 
material after reaction at 50 °C. Nitromethane and THF (entries 13–16) produced an 
unknown, undesired byproduct that was also present in a control reaction run in THF that 
was run without the alkyne (entry 17). DCE and dioxane (entries 18–21) led to 
consumption of cyclopentanone but gave complex mixtures of products. Given the 
effective use of DCE in the analogous intramolecular carbocyclization reactions, we 
decided to explore a range of substrates in this solvent with our library of precatalysts 
(Table 3.5.2). This screening showed that phenol-based precatalysts (55b–d and 64b–d) 
were inactive under the reaction conditions. Quinoline-based precatalysts (55a and 64a) 
showed complex mixtures of products. Analysis of these mixtures showed that GC-MS 
peaks were common amongst reactions with shared substrates. For example, reactions 
with acetone (Table 3.5.2, entries 1–5) contained a similar mixture of common 
byproducts. Similarly, reactions with 2-hexyne (entries 4, 9, 14, 19) also yielded a set of 
common byproducts that did not correspond to any desired products nor their derivatives, 
such as multiple alkenylation products, as determined by GC-MS and NMR of scaled up 
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reactions. No GC-MS peaks were identified that were unique to a specific set of 
substrates, which would have suggested a unique and potentially desirable reaction.  
 




Entrya Solvent R Resultb 
1 DMSOe Ph A 
2 DMSOe (CH2)2Me A 
3 DMFe Ph A 
4 DMFe (CH2)2Me A 
5 acetonitrile Ph A 
6 acetonitrile (CH2)2Me A 
7 chloroform Ph A 
8 chloroform (CH2)2Me A 
9 toluene Ph A 
10 toluene (CH2)2Me A 
11 MeOH Ph A 
12 MeOH (CH2)2Me A 
13 nitromethanec Ph C 
14 nitromethanec (CH2)2Me C 
15 THF Ph C 
16 THF (CH2)2Me C 
17 THF no alkyne C 
18 dioxane Ph B 
19 dioxane (CH2)2Me B 
20 DCE Ph B 
21 DCE (CH2)2Me B 
 
 
   
aIn a glovebox, precatalyst 55a (2 mg, 0.005 mmol) was dissolved in DCE (0.5 mL) and added to (CH3CN)4CuBF4 (0.005 
mmol) in a 1.5 mL HPLC vial. The alkyne (0.130 mmol) and carbonyl compound (0.026 mmol) were added as solutions 
in DCE (0.150 and 0.100 mL, respectively). The vials were removed from the glovebox and shaken at 50 °C for 16 h. 
Crude reaction mixtures were condensed and analyzed directly by GC-MS. b Results: A: No reaction; B: complex 
mixture; C: carbonyl-derived byproducts observed, as determined by a control reaction without the alkyne. c Reaction 
heated to 95 °C. e Samples were diluted with 5 mL water and extracted with ether (3 x 2 mL), before being condensed 





Based on the GC-MS data, we believe that the products formed under these conditions 
are primarily due to carbonyl-carbonyl or alkyne-alkyne coupling reactions.  
 






R1 R2 Resultb 
1 A H Ph A, B, C 
2 A Me Ph B 
3 A H (CH2)2Me B 
4 A Me (CH2)2Me B 
5 A H TMS B 
6 B H Ph A, B, C 
7 B Me Ph B 
8 B H (CH2)2Me B 
9 B Me (CH2)2Me B 
10 B H TMS B 
11 C H Ph A, B, C 
12 C Me Ph B 
13 C H (CH2)2Me B 
14 C Me (CH2)2Me B 
15 C H TMS B 
16 D H Ph A, B, C 
17 D Me Ph B, C 
18 D H (CH2)2Me B, C 
19 D Me (CH2)2Me B,C 
20 D H TMS B, C 
21c A H (CH2)2Me B 
22c A Me (CH2)2Me B 
23c B H (CH2)2Me B 
24c B Me (CH2)2Me B 
25c C H (CH2)2Me B 
26c C Me (CH2)2Me B 
     
a In a glovebox, precatalyst 55a (2 mg, 0.005 mmol) was dissolved in DCE (0.5 mL) and added to (CH3CN)4CuBF4 
(0.005 mmol) in a 1.5 mL HPLC vial. The alkyne (0.130 mmol) and carbonyl compound (0.026 mmol) were added as 
solutions in DCE (0.150 and 0.100 mL, respectively). The vials were removed from the glovebox and shaken at 50 °C 
for 16 h. Crude reaction mixtures were analyzed directly by GC-MS. b Results: A: dimerization of alkyne; B: complex 
mixture; C: carbonyl-derived byproducts observed, as determined by a control reaction without the alkyne.c Reaction run 





GC-MS evidence for aldol self-condensation products was observed in some cases, most 
notably when phenylacetaldehyde was used as the carbonyl compound (entries 11–15). A 
second prominent byproduct seen via GC-MS, for samples that contained 
phenylacetylene (entries 1, 6, 11, 16), was 1,4-diphenylbutadiyne. The presence of this 
byproduct in these samples was confirmed by comparison of the GC-MS traces to that of 
a commercial sample of 1,4-diphenylbutadiyne.  Additionally, select reactions were run 
with AgBF4 as the metal salt instead of (CH3CN)4CuBF4 (entries 21–26), under the 
conditions of Table 3.5.2. No reactions were observed in any of these cases. 
 
 To test whether we could detect desired product formation, a control reaction was 
run to confirm that trace amounts of desired product could be detected in crude reaction 
mixtures via GC-MS. An authentic sample for the addition of acetone to phenylacetylene 
(65) was synthesized according to a protocol reported by Trofimov.21 Two parallel 
reactions were set up containing acetone and phenylacetylene substrates (Table 4, entry 
1), and the positive control (65) was added to one reaction at 5 mol%. After stirring at 50 
ºC for 24 h, both reactions were analyzed by GC-MS. The positive control was detected 
in the reaction to which it was added, and it was not detected in the other reaction. A 
range of acidic additives were additionally tested for the addition of cyclopentanone to 2-
hexyne, along with the non-coordinating base 2,6-di-tert-butylpyridine (Table 3.5.3). No 
reactions were observed in any cases that previously led to consumption of substrates, for 
example the control reaction with no additive (entry 7). 
 
Despite promising DFT calculations and extensive screening, we were unable to obtain a 
product that was formed from the addition of an enamine to an alkyne. Even with no 
77 
 
positive screening hits, we worked to rationalize the lack of desired reactivity through X-
ray crystallography and NMR studies.  
 









a In a glovebox, precatalyst 55a (2 mg, 0.005 mmol) was dissolved in DCE (0.5 mL) and added to (CH3CN)4CuBF4 
(0.005 mmol) in a 1.5 mL HPLC vial. The alkyne (0.130 mmol) and carbonyl compound (0.026 mmol) were added as 
solutions in DCE (0.150 and 0.100 mL, respectively).Next, additives (0.005 mmol) were added as solutions in DCE 
(0.100 mL). The vials were removed from the glovebox and shaken at 50 °C for 16 h. Crude reaction mixtures were 
condensed and analyzed directly by GC-MS. b Results: A: No reaction; B: complex mixture 
 
 
3.6 X-ray and NMR Studies 
 
In conjunction with our screening efforts, we attempted to obtain single crystals 
of various Cu(I) complexes to compare to our DFT structurs. Due to the oxygen sensitive 
nature of Cu(I), it was necessary to develop a procedure that kept the complexes in an 
oxygen-free environment throughout the course of the crystallization (see Experimental 
section). Unfortunately, we were unable to obtain single crystals of Cu(I) complexes with 
our precatalysts. Crystallization attempts were run with all precatalysts, however efforts 
focused mainly on 55a, 64a, and 64d, particularly because 55a and 64a showed the 
greatest apparent reactivity in reaction screens. The polar, non-coordinating solvent 
Entrya Additive Resultb 
1 4-nitrophenol A 
2 benzoic acid A 
3 p-TsOH A 
4 acetic acid A 
5 TFA A 
6 2,6-Di-tert-butylpyridine A 
7 - B 
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nitromethane was initially chosen as the strong solvent. However, even concentrated 
samples remained in solution with slow diffusion of a weaker non-polar solvent. 
Experimentation with different solvent mixtures led to a 1:1 nitromethane : benzene 
mixture to be chosen as the strong solvent with ether or pentane as the weak solvent. 
Samples containing phenol-based precatalysts 55b–d and 64b–d led to the formation of 
(CH3CN)4CuBF4 crystals in 1:1 nitromethane : benzene with either ether or pentane as 
the weak solvent. Selective crystallization of unligated metal salt suggested that ligand 
affinity for Cu(I) may not be of sufficient strength with these precatalysts. Deprotonation 
of precatalysts 55d and 64d using NaH prior to complexation of (CH3CN)4CuBF4 yielded 
similar results. (CH3CN)4CuBF4 crystals were not observed in samples containing the 
quinoline-based precatalysts. In these cases, oiling out of the precatalyst was observed. 
Exploration of a range of Cu(I) salts as well as Zn(II), Ag(I), and In(III) salts with 55a 
eventually yielded a Ag(I) crystal with a 2:2 ligand to metal stoichiometry (Figure 3.6.1). 
Both ligands are bridging the Ag(I) ions, which are non-equivalent. Ag1 has a linear 
geometry via coordination from the N-benzyl N4 and secondary N6 amino groups from 
two different ligands, but the complex could also be described as having a seesaw 
geometry with additional coordination possible from quinoline N5 and thiazole N3. Ag2 
has a distorted trigonal planar coordination geometry (chelated by thiazole N7, secondary 
amine N8, and N-benzyl N2). It is also disordered in the structure, present in two 
different positions due to pyramidal inversion of the benzylamine nitrogen (N8). It is 
noteworthy that neither of the metals are coordinated to all three of the desired 
coordinating groups of the precatalyst, namely the quinoline, thiazole, and the secondary 
amine proximal to the quinoline. Coordination of the N-benzylamine (required as an 
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aminocatalyst), instead of the quinoline, as observed in the bimetallic structure in Figure 
3.6.1, could provide an explanation for the lack of activity of this catalyst class due to the 
organocatalytic N-benzyl amine being involved in metal chelation. 
 
 




1H NMR studies performed with catalyst complexes were consistent with undesired 
amine-metal coordination and structures that were not well defined (Figure 3.6.2). In 
spectrum B, addition of 1 equivalent of (CH3CN)4CuBF4 to bifunctional precatalyst 55a 
in CD3NO2, with the sample prepared in the glovebox to inhibit Cu(II) formation, showed 
significant broadening of the ligand peaks by 1H NMR, with small chemical shift changes 
in the quinoline proton signals (roughly 0.1 ppm). Spectrum C resulted from the addition 
of 1 equivalent phenylacetylene, which further broadened the ligand peaks almost 
completely into the baseline, with a minor additional downfield shift of the most 
downfield quinoline proton. The acetylene proton was also slightly shifted from its 
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original position; however, it is unknown if this shift is due to interaction with 
precatalyst-bound or free copper (I). 
 










Broadening of the precatalyst peaks upon addition of the metal is indicative of a slow 
exchange (on the NMR timescale) between different complexes. The lack of discrete and 
characterizable Cu(I) complexes may be caused by diverse coordination complexes 
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facilitated by the organocatalytic amine binding to the Cu(I) metal center. The observed 
lack of reactivity be rationalized by the 1H NMR and X-ray crystallography.  The 
1HNMR data gathered is consistent with the complex binding observed in the X-ray 
structure obtained. The binding of the organocatalytic amine moiety to the metal center 
would prevent enamine formation with any carbonyl compound present. Also, the 2:2 
ligand metal binding observed shows no open coordination sites for an alkyne to bind. 
This complex binding is presumably why proton peaks in the 1HNMR broaden upon the 
addition of the metal salt. This is due to some of the loosely bound amines acting as 
ligands, which coordinate and de-coordinate from the metal slowly on the NMR 
timescale. Given the lack of reactivity observed in this system, we decided to focus our 





Dual Catalysis with Pd/Pt PyBOX Complexes for Direct Additions of 
Carbonyl Compounds to Alkenes and Alkynes 
 
4.1 Introduction to Dual Catalysis with Group 10 PyBOX Complexes 
 
Our previous unsuccessful attempts at adding ketones and aldehydes to alkynes 
using indium (not described here) and copper to activate unsaturated electrophiles led us 
to explore alternative catalytic systems. Inspired by a report from Gagne,44 which utilized 
a Pt-PyBOX complex for activation of alkenes, we hypothesized that it might be possible 
to adapt this system into a dual catalytic system suitable for additions of carbonyl 
compounds to alkenes or alkynes (Figure 4.1.1). We additionally wished to explore other 
group 10 metals (Pd and Ni) with PyBOX ligands as a Lewis acid catalyst. We 
hypothesized that a dual catalytic approach could be an improvement over our previously 
tested bifunctional Cu(I) system in that 1) tridentate PyBOX ligands have been 
established to form stable rigid structures with group 10 metals,44 2) alkyl substituents on 
PyBOX ligands could be modulated to form a well-defined binding pocket, which could 
prevent catalyst poisoning of the Lewis acid by the enamine and/or organocatalyst, 3) the 
electronics of the ligand could be altered to create a more electron-poor or -rich metal by 





Figure 4.1.1 Dual catalytic PyBOX system with group 10 metals for additions of 





This would allow us to tune the electrophilicity of the bound alkene or alkyne as well as 
influence the strength of the alkene or alkyne complex. A variety of different 
organocatalysts could also be explored. By changing the steric bulk around the ligand and 
organocatalyst we aimed to find ligand/organocatalyst combinations with sufficient steric 
bulk around the Lewis acid and Lewis base catalysts to prevent self-quenching, but still 
allow the enamine and unsaturated compound to get close enough for C-C bond 
formation to occur. Initially, we wished to explore whether this dual catalytic system 
could promote intermolecular additions of aldehydes and ketones to alkenes and alkynes.  
 
4.2: DFT Optimization of Dual Catalytic Conditions 
 
In order to study this proposed dual catalytic system before extensive reaction 
screening, we again sought to use DFT calculations to explore ligand, organocatalyst 
and/or enamine, and metal combinations that would minimize the likelihood of 
competing undesired catalyst-catalyst interactions, while still allowing the desired 
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reaction to occur (Figure 4.2.1).3 The key interactions we wished to avoid were 
poisoning of the metal complex by coordination of the enamine to the metal center and 
poisoning of the metal complex by coordination of the amine organocatalyst to the metal 
center. We identified these conditions by computing ground state energies of key 
intermediates in the putative catalytic cycle and comparing them to the energies of the 
undesired complexes. Ideally, formation of desired complexes, such as those with 
ethylene bound to the metal, would be more energetically favorable than undesired 
complexes such as the organocatalyst bound to the metal. 
 
 




In order to design PyBOX ligands with selective binding pockets, the substituents (R’, 
R”) on the oxazolines were varied to identify systems that selectively allowed the binding 
of smaller alkenes or alkynes, while precluding bulkier organocatalysts and enamine 
intermediates from directly coordinating to the metal. Another possible concern is that the 
metal could also be poisoned by binding of the aldehyde/ketone, rather than the 
alkene/alkyne. However, we were primarily interested in studying Pt or Pd systems, and 
 
3 DFT calculations in this section were largely performed by Eric Greve. 
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presumed that this interaction was more likely for harder, oxophilic Ni(II) salts, which is 
consistent with more recent unpublished calculations from our lab. 
 
  Based on previous calculations,77 the 4-NMe2-PyBOX scaffold was selected for 
computational study due to its improved energetics for propylene binding. We evaluated 
a variety of secondary amine organocatalysts, such as pyrrolidine, -methyl-L-proline, 
Jørgensen’s pyrrolidine 67,78 and MacMillan’s t-Bu-imidazolidinone 68.79 DFT 
calculations were performed on combinations of PyBOX, organocatalyst, alkene 
(propylene and ethylene), and metal (Ni, Pd, Pt) to determine the energetics of alkene 
coordination versus the undesirable organocatalyst binding to the metal center (Table 
4.2.1). The organocatalyst with the least steric bulk, pyrrolidine, showed favorable 
binding to all complexes (Table 4.2.1, column 5). Jørgensen’s pyrrolidine and 
MacMillan’s imidazolidinone were identified as the most promising organocatalysts. 
Lewis acid poisoning by these organocatalysts were calculated to be unfavorable with 
bulkier PyBOX systems such as those with bis-t-Bu or tetramethyl substituents (entries 1, 
3, 6, 8, 11, and 13, columns 7 and 8). Coordination of propylene and ethylene was 
favored in most cases in these systems, and metal complex poisoning was not. However, 
nickel complexes (entries 1 and 3) with the most steric bulk showed unfavorable ethylene 
binding, leading us to believe that nickel would not be a suitable metal for promoting the 
desired reaction. When considering both organocatalyst poisoning and olefin 
coordination, the DFT calculations predicted MacMillan’s imidazolidinone 
organocatalyst with a Pt-t-Bu-PyBOX complex to be the most promising combination 
(entry 13). In this system, the coordination of the organocatalyst was endergonic (+2.0 
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kcal/mol) and the coordination of ethylene and propylene was predicted to be exergonic 
(-7.1 and -4.2 kcal/mol respectively). 
 
Table 4.2.1 DFT calculations for desired alkene and undesired amine coordination 
 
Entry M R R’ 




69 70 71 72 Ethylene Propylene 
1 Ni Me Me –15.8 –5.1 4.3 3.4 1.5 6.8 
2 Ni i-Pr H –23.5 –19.9 –8.3 –6.9 –3.2 –3.6 
3 Ni t-Bu H –16.5 –7.2 3.0 5.0 4.1 5.6 
4 Ni i-Bu H –21.8 –12.4 –7.3 –4.7 –2.6 –1.6 
5 Ni Ph H –24.1 –16.6 –7.0 –6.9 –5.4 –3.9 
6 Pd Me Me –16.5 –5.0 2.4 2.0 –1.6 0.2 
7 Pd i-Pr H –19.6 –17.9 –7.2 –7.0 –6.8 –5.0 
8 Pd t-Bu H –16.9 –9.2 NA 2.6 –0.4 1.4 
9 Pd i-Bu H –19.9 –13.2 –4.1 –4.2 –4.1 –4.7 
10 Pd Ph H –24.2 –16.2 –9.8 –9.2 –8.3 –7.9 
11 Pt Me Me –17.8 –7.9 0.4 1.3 –6.0 –4.0 
12 Pt i-Pr H –23.0 –20.5 –9.2 –6.0 –12.3 –9.6 
13 Pt t-Bu H –20.2 –11.5 –2.2 2.0 –7.1 –4.2 
14 Pt i-Bu H –21.8 –14.4 –7.7 –4.7 –9.5 –9.2 
15 Pt Ph H –26.3 –20.8 –9.7 –9.4 –12.2 –11.1 
a All calculations used functional B3PW91, basis set LANL2DZ for metals, and basis set cc-pVDZ for all other atoms, using DCM as solvent. NA = 





In addition to the organocatalyst potentially acting as a competing ligand for the Lewis 
acid, the electron-rich enamine intermediates could also competitively bind. We 
previously reported this observation for a Cu(I)-phenylacetylene complex, where the 
alkyne was displaced upon the addition of an enamine.68 We hypothesized that enamines 
with more steric bulk would be less prone to coordinate to the metal center and displace 
the alkene. To test this hypothesis, we looked at the ground state energies for the 
coordination of enamines 74 or 75 to the Pt-tBu-PyBOX ethylene complex 73 (Figure 
4.2.2). The bulkier enamine derived from 68 and phenylacetaldehyde 74 was calculated 
to be very endergonic (+11.8 kcal/mol) for the displacement of ethylene. The smaller 
pyrrolidine-derived enamine 75 was found to be exergonic (–2.3 kcal/mol) for the 
displacement of ethylene. This result led us to believe that a reaction using a smaller 
enamine derived from pyrrolidine would be unlikely. Alternatively, when using the 
bulkier imidazolidinone organocatalyst, neither the free amine nor enamine intermediate 
were predicted to have more favorable interactions with the Pt-t-Bu-PyBOX complex 
than ethylene. 
 





With the results of these DFT calculations in hand, we began reaction screening using Pt-
t-Bu-PyBOX and MacMillan’s imidazolidinone as an organocatalyst.  
 




 With our calculations predicting that a Pt-t-Bu-PyBOX metal complex combined 
with a bulky imidazolidinone organocatalyst would prevent catalyst poisoning and 
promote alkene/alkyne binding, we set out to screen a variety of alkene/alkyne and 
carbonyl substrates. Although our DFT calculations predicted that coordination of 
propylene (Table 4.2.1, entry 13, -4.2 kcal/mol) was favorable in these systems, we 
wished to gather further evidence for alkene or alkyne complexes with larger unsaturated 
substrates such as 81-84 (Scheme 4.3.1). To accomplish this, reaction screens were set up 
in deuterated CD3NO2 so that alkene/alkyne binding could be observed. Our choice of 
solvent was limited to CD3NO2 due to the insolubility of the in-situ generated bis-cationic 
Pt(II)-tBu-PyBOX complex in less polar solvents. Substrates 79-84 were added to the in-
situ generated bis cationic Pt(II)-tBu-PyBOX complex (see chapter 6 for details) in 
CD3NO2, then analyzed by 
1H NMR. No chemical shift changes were observed for any of 
the PyBOX protons or the protons in any of the substrates. This result did not rule out the 
possibility of catalytic activity, but it did suggest that the abundance of bound alkene or 
alkyne is small enough that it cannot be detected by 1H NMR. Following 1H NMR 
analysis, preformed enamine 74 was added. Samples were again analyzed by 1H NMR. 
Upon addition of enamine 74, no chemical shifts changes were observed in either the 
ligand or enamine. this observation was consistent with our DFT calculations that 
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enamine 74 derived from the bulky imidazolidinone organocatalyst would not interact 
directly with the metal center. 
 




The samples were heated at 80 ºC for 24 h (50 psi of ethylene with 79) and analyzed 
directly via GC-MS. This analysis gave no evidence for alkylation or alkenylation 
reactions. For comparative purposes, analogous reactions were also run with enamine 75. 
These samples immediately turned brown upon addition of 75. We hypothesized that 75 
underwent a redox reaction with the bis-cationic Pt(II)-PyBOX to generate a stabilized 
radical cation intermediate. We speculated that the stable nature of the conjugated 
enamine 74 could make C-C bond formation less favorable. Unfortunately, we were 
unable to isolate less stabilized enamines derived from the bulky imidazolidinone 
organocatalyst. In addition to the reaction screening summarized in Scheme 4.3.1, further 
screens were performed by Eric Greve. Unfortunately, these screens also produced 




Scheme 4.3.2: Reaction screening with stoichiometric Pt complex 78 
 
 
Scheme 4.3.3: Reaction screening using acetal substrate 
 
 
4.4 Dual Catalytic Intramolecular Reactions 
 
 We next tested our dual catalytic system for the carbocyclization of formyl alkyne 
85 to determine whether C-C bond formation could alternatively occur in an 
intramolecular fashion. (Table 4.4.1) Gratifyingly, alkyne 85 cyclized to afford enal 86 in 
84% NMR yield when initially using 50 mol% of the Pt(t-Bu)PyBOX complex and 













1 78, AgBF4 50 68 (50 mol%) 84 
2 78, AgBF4 50 67 (50 mol%) <5 
3 78, AgBF4 50 cyclohexylamine 
(50 mol%) 
<5 






50 68 (50 mol%) 13 
6 AgBF4 50 68 (50 mol%) <5 
7 none 0 68 (50 mol%) N.R. 
8 78, AgBF4 50 none N.R. 
9 none 0 none N.R. 
10 78 50 68 (50mol%) 11 
aComplex 78 (2.0 mg, 0.003 mmol) was dissolved in CH3NO2 (250 µL) in a 1.5 mL 
HPLC vial. This solution was transferred to a separate aluminum foil wrapped 1.5 mL 
HPLC vial containing AgBF4 (1.0 mg, 0.0046 mmol). The vial was capped and placed in 
an oil bath heated to 50 °C for 30 min. The solution was filtered through a 22 µM PTFE 
syringe filter into another 1.5 mL HPLC vial containing substrate 85 (2.0 mg, 0.006 
mmol) dissolved in CH3NO2 (100 µL). Lastly, organocatalyst (67, 68, cyclohexylamine, 
or pyrrolidine) (0.003 mmol) was added as a solution in CH3NO2 (100 µL). The reaction 
was placed in an oil bath and heated at 70 °C for 16 h. The crude reaction mixtures were 
loaded onto silica gel plugs made from Pasteur pipettes containing ~4 cm silica gel and 
eluted with EtOAc (5 mL), then condensed and redissolved with CDCl3. Analyses were 
performed by 1H NMR using pentachloroethane as an internal standard 
 
 
Other less hindered organocatalysts were tested and found to have negligible reactivity 
(entries 2–4). This finding was in agreement with our DFT predictions that less hindered 
organocatalysts would have favorable coordination with the π-Lewis acid and outcompete 
the binding of an alkene/alkyne substrate. This specific cyclization reaction was also 
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reported by Kirsch using (PPh3)AuSbF6 and diisopropylamine catalysts,
31 and we 
prepared an authentic sample of the product 85 using a Cu(OTf)2, BINAP, and 
cyclohexylamine catalyst system reported by Michelet.34 Switching to a palladium(II) 
precatalyst generated in-situ from ligand 87 and Pd(CH3CN)4(BF4)2, was found to be less 
effective with only a 13% yield (entry 5). Additionally, all control reactions had either 
negligible (<5%) or no detectible desired product when any combination of precatalyst 78 
or organocatalyst 68 were omitted from the reaction mixture (entries 6-9). Interestingly, 
the reaction still produced some desired product when run without the addition of AgBF4 
to pre-form the bis-cationic platinum complex (entry 10). We presume that the alkyne is 
capable of displacing the iodide ligand, allowing the reaction to proceed to some extent. 
 
With a positive result in hand, we next chose to explore lower catalyst loadings to 
optimize the reaction (Table 4.4.2). For these studies, reactions were run in CD3NO2 in 
order to measure NMR yields in-situ to achieve the most accurate measurement of yield. 
Yields were then measured by 1H NMR using pentachloroethane as an internal standard. 
This differs from our initial studies (Table 4.4.1) where yields were measured after 
filtering crude reaction mixtures through a silica plug before adding the internal NMR 
standard and subsequent measurement of the yield by 1H NMR. This in-situ measurement 
showed peaks consistent with exocyclic alkene 88, which isomerized to the more stable 
alkene 86 over time. Compound 88 was never observed when crude reaction mixtures 
were filtered through a silica plug before analysis.  
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Yields are reported as the sum of products of the desired C-C bond formation (86 + 88). 
Lower catalyst loadings of 1 and 5 mol% (entries 1 and 2) produced similar results (34 
and 39% yields respectively). Raising the catalyst loading to 10% (entry 3) produced an 
increase in total yield to 51%. The optimal result came from a catalyst loading of 20 
mol% (entry 4) which gave a 79% NMR yield of enal 86.  
 
Up to this point, all reactions had been run at elevated temperatures. We next explored the 
effect of temperature on reactions run with the in-situ generated bis-cationic complex as 
well as the mono-cationic complex 78 that showed some reactivity. (Table 4.4.1 entry 10) 
(Table 4.4.3). 
Entrya Catalyst loading 
(mol%) 
86 (%)b 88 (%)b 86+88b (%) 
1 1  29 5 34 
2 5  32 7 39 
3 10  46 5 51 
4 20  79 0 79 
aPrior to the addition of formyl alkyne 85,complex 78 was dissolved in CD3NO2 
(0.250 mL). This solution was transferred to an aluminum foil wrapped 1.5 mL 
HPLC vial containing AgBF4. The solution was placed in an oil bath heated to 
60 °C before being syring filtered into another 1.5 mL HPLC vial. Addition of the 
substrate 85 and organocatalyst 68 followed.bYields measured by 1HNMR using 
pentachloroethane as an internal standard. 
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The reaction run at ambient temperature with Pt complex 78 (20 mol%) and 
organocatalyst 68 (20 mol%) showed only trace reactivity (entry 1). However, raising the 
temperature to 70 °C gave a yield of 62% for the sum of both isomers (entry 2). When 78 
was treated with 1 equivalent of AgBF4 to form the bis-cationic complex before addition 
of the substrate 85, the reaction went to quantitative yield at ambient temperature (entry 
3). Heating the pre-formed bis cationic complex led to full conversion of formyl-alkyne 
85 to enal 86 (entry 4). The exclusive formation of the more stable alkene 86 after 24 h 
was presumably due to isomerization of 88 at elevated temperature. Notably, this study 
showed that catalyst turnover is possible, and additionally the in-situ generation of the 
highly reactive bis-cationic platinum complex is not essential for a catalytic reaction.  
Entry X Temperature 
(°C) 
86 (%)b 88 (%)b 86+88 (%)b 
1 BF4, I 22 <5 <5 <5 
2 BF4, I 70 50 12 62 
3a (BF4)2 22 63 37 100 
4a (BF4)2 70 79 0 79 
aPrior to the addition of formyl alkyne 85, complex 78 was dissolved in CD3NO2 (0.250 mL). This 
solution was transferred to an aluminum foil wrapped 1.5 mL HPLC vial containing AgBF4. The 
solution was placed in an oil bath heated to 60 °C before being syring filtered into another 1.5 mL 
HPLC vial. Addition of the substrate 85 and organocatalyst 68 followed.bYields measured by 1HNMR 




We next sought to further explore the reactivity of Pt complex 78 for this 
intramolecular reaction. In previous studies of this reaction (Table 4.4.1 and Table 4.4.2) 
our choice of solvent was limited to the non-coordinating polar solvent nitromethane due 
to the lack of solubility of the bis-cationic platinum complex formed after treatment with 
AgBF4. Given the high solubility of 78 in less polar solvents such as DCM, we screened 
alternative solvents that could be used in the place of nitromethane. Again, reactions were 
run in deuterated solvents to permit direct measurement of 1H NMR yields (Table 4.4.4). 
 










Entry Solvent 86 (%)c 88 (%)c 86+88 (%)c 
1 CD2Cl2a <5 <5 <5 
2d THF-d8 14 (33) 7 (0) 21 (33) 
3d CD3CN 7 (14) 5 (6) 12 (20) 
4 DMSO-d6a <5 <5 <5 
5d CDCl3 34 (46) 13 (14) 47 (60) 
6 CD3NO2a,b 50 12 62 
aReactions only run for 24 h bReaction heated to 70 °C c Yields 
measured by 1HNMR using pentachloroethane as an internal standard. 
dYields in parenthesis measured after 48 h 
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Interestingly, the reaction tolerated a variety of less polar and/or coordinating solvents. 
Initially, the yields of all reactions were measured after 24 hours. Reactions with starting 
material remaining after 24 h that were showing conversion (entries 2,3, and 5) were left 
for an additional 24 h (yields after 48 h are shown in parentheses in Table 4.4.4). CD2Cl2  
(entry 1) showed little reactivity. Coordinating solvents THF-d8 and CD3CN (entries 2 
and 3) gave minimal yields after 24 h (21% and 12% respectively), but with additional 
reaction time, improved to 40% and 21%. Strongly coordinating solvent DMSO-d6 (entry 
4) showed little reactivity. CDCl3 was also shown to be a promising solvent (entry 5) as a 
yield of 60% could be achieved after 48 hours.  
 
 
4.5 Intermolecular Direct Alpha Alkenylations of Aldehydes with Terminal Alkynes 
 
With evidence that pre-forming the bis-cationic platinum complex was not necessary for 
an intramolecular reaction (Table 4.4.3), we decided to re-explore whether a direct 
intermolecular alpha alkenylation of an aldehyde could occur. We hypothesized that in an 
intermolecular system for the additions of aldehydes to alkynes, the highly reactive bis-
cationic Pt2+ complex may be readily poisoned. For the sake of direct comparison to the 
intramolecular reaction, nitromethane was selected as a solvent for initial testing. 
(Scheme 4.5.1) When aldehyde 89 and alkyne 90 were reacted with the mono-cationic Pt 
complex 78 (25 mol%) at 70 ºC in the presence of organocatalyst 68 (20 mol%) the 1H 
NMR spectrum of the reaction mixture after 24 h showed a new aldehyde signal and an 




Scheme 4.5.1 Direct intermolecular addition of aldehyde 89 to alkyne 90 
   
 
 
GC-MS analysis of the crude reaction mixture also showed a peak with the mass 
of 91. Initial attempts to isolate this product were unsuccessful, so the reaction was run in 
several iterations to generate a sufficient quantity of 91 for purification. Characterization 
by 1H/13C NMR, HMBC, and HR-MS gave spectral data consistent with structure 91. We 
were surprised to find that the carbon-carbon bond formation had occurred at the terminal 
carbon of the alkyne to give the anti-Markovnikov product, which rapidly isomerized to 
91. Throughout the course of reaction monitoring by 1H NMR, no proton peaks were 
observed for the unisomerized β,γ-unsaturated aldehyde. We presume that the bulky alkyl 
groups on the ligand and organocatalyst prevent addition to the internal alkyne carbon. 
As a control, the reaction was run in the absence of the organocatalyst. This reaction 
yielded no desired product. Control reactions exploring whether the bulky t-BuPyBOX 
ligand is required are in progress. Similarly, less bulky organocatalysts remain to be 
tested. 
 
With compound 91 in hand, we were elated to have identified an intermolecular direct 
addition of an unactivated aldehyde to an unactivated alkyne. However, even after 
screening this reaction in several solvents (Table 4.5.1) we were unable to achieve yields 
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above that of the catalyst loading. One possibility is that the active catalyst may not turn 
over after the first cycle, or it may degrade during the reaction. The reaction was tested 
with a small series of solvents with an extended reaction time of 72 h, as after 24 h, all 
yields were significantly lower than observed with CD3NO2. However, no yield increase 
was observed after the additional 48 h. CD3CN (entry 1) was the most promising solvent 
giving an NMR yield of 29%. Solvents CD2Cl2 and CD3Cl (entries 2 and 3) showed 
lower yields than CD3NO2 (entry 4). Interestingly, chloroform (entry 4) gave minimal 
reactivity for the intermolecular reaction but was suitable for the intramolecular reaction 
(Table 4.4.4 entry 5).  
 
Table 4.5.1 Solvent screening for direct intermolecular addition of aldehyde 89 to alkyne 
90 
 













Entrya Solvent 91 (%)b 
1 CD3CN 29 
2 CD2Cl2 11 
3 CD3Cl 4 
4 CD3NO2 19 
aComplex 78 was dissolved in 0.3 mL CD3NO2 in a 1.5 mL HP-LC vial. 
Next, 90 and 89 were added via microsyringe. Organocatalyst 68 was 
added as a solution in CD3NO2 (0.1 mL). Lastly pentachloroethane was 
added as a solution in CD3NO2 (0.1 mL).  The reactions were transferred 
to an NMR tube which was placed in an oil bath heated to 70 °C for 24 
h. Reaction byields measured by proton NMR using pentachloroethane 
as an internal standard. 
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We most recently performed a preliminary study exploring the use of a small 
variety of additives in an attempt to generate catalytic turnover. Acetonitrile was chosen 
as the solvent for this initial study as we hypothesized that a coordinating solvent may be 
able to prevent catalyst poisoning or degradation (Table 4.5.2), but other solvent/additive 
combinations will be tested.  
 
Table 4.5.2: Screening of select additives for direct intermolecular addition of 89 to 90 














Testing of several protic acid additives (entries 1-3) showed that a mild acid such as 
AcOH (entry 1), gave a yield of 20% and did not promote turnover. Use of the stronger 
acid TFA gave an NMR yield of 41% (entry 2). This result was promising as a catalytic 
reaction was promoted, albeit with limited turnover. We hypothesized that an iodide 
source such as TBAI (entry 4) could regenerate the stable complex 78 after 
protodemetalation. This additive, however, did not produce an increase reaction yield. 
Entrya Additive 91 (%)b 
1 AcOH 20 
2 TFA 41 
3 PTSA <5 
4 TBAI 7 
5 Ga(OTf)3 15 
aComplex 78 was dissolved in 0.3 mL CD3NO2 in a 1.5 mL HP-LC 
vial. Next, 90 and 89 were added via microsyringe. Organocatalyst 
68 was added as a solution in CD3NO2 (0.1 mL). Lastly 
pentachloroethane was added as a solution in CD3NO2 (0.1 mL).  The 
reactions were transferred to an NMR tube which was placed in an 
oil bath heated to 70 °C for 24 h. Reaction byields measured by proton 
NMR using pentachloroethane as an internal standard. 
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Lastly, a Lewis acidic additive containing triflate counterions (Ga(OTf)3) was tested 
(Entry 5). We rationalized that this additive may promote catalytic activity due to the 
presumed generation of trace amounts of triflic acid throughout the course of the reaction 
via displacement of triflate. This additive only led to a moderate yield of 15%.  
 
4.6 Future Work with Intermolecular Additions of Aldehydes to Alkynes. 
 
It was promising that TFA promoted some catalytic turnover however, this system 
has not been optimized. Additive screening has been limited, and in order to fully explore 
this catalytic system, more extensive additive screening is required. A wide range of 
Bronsted and Lewis acids will be explored in an attempt to optimize the reaction and 
generate substantial catalytic turnover. (Figure 4.6.1) 
 
 
Figure 4.6.1 Future dual catalyzed additions of carbonyl compounds to 





 With catalytic turnover achieved, lower catalyst loading will be explored. In 
order for this reaction to be economically feasible for industrial applications, it will be 
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necessary to reduce the amount of expensive platinum catalyst needed. For initial studies, 
5 equivalents of the alkyne substrate was used. The effect of reducing the amount of 
alkyne substrate has not been explored. Alternatively, lower organocatalyst loadings will 
also be explored. Given that this reaction proceeds in the presence of excess acid with 
respect to the organocatalyst, where a portion of the organocatalyst is presumably in an 
inactivated protonated form, significantly lower organocatalyst loadings may still 
promote high yielding reactions. 
 
The bulky tert-butyl imidazolidinone organocatalyst that is currently used restricts 
the substrate scope to non-alpha branched aldehyde substrates. Alternative 
organocatalysts that are capable of enamine formation with ketones and alpha-branched 
aldehydes will be tested. Combined with the use of a chiral PyBOX ligand, asymmetric 
additions to alpha-branched aldehydes could be performed to generate β,γ-unsaturated 
aldehydes containing all carbon quaternary centers. In these reactions, alkene 
isomerization would not be possible, and beta β,γ-unsaturated products would be 
obtained. With alternative organocatalysts, ketone substrates will also be explored. 
Before expanding the substrate scope to ketones and alpha-branched aldehydes, the scope 
for reactivity for a wide range of non-alpha branched aldehyde and alkyne substrates will 
be explored. Additionally, the reaction tolerance to other functional groups (i.e. free 
alcohols and protected amines) present in the system will be examined. 
 
 With optimized conditions for catalytic turnover and an organocatalyst that can 
facilitate enamine formation with a wide range of carbonyl substrates for additions to 
alkynes, our ideal reaction would allow for additions of carbonyl compounds to alkenes. 
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We presume that additions to alkene substrates will be more challenging than additions to 
alkynes. For this reason, optimization for additions to alkynes will be performed first. 
This optimized system will first be used to study conditions for intramolecular additions 
to alkene substrates before intermolecular reactions are attempted. With this goal in mind, 
we are pleased to report what is, to our knowledge, the first direct intermolecular anti-














 Although we had identified a dual catalytic system that promoted the 
intermolecular addition of aldehyde 89 to an alkyne 90, we still sought to develop a 
bifunctional catalyst system which may expand on the substrate scope. If the dual 
catalytic system discussed in Chapter 4 was restricted to the use of a bulky 
imidazolidinone organocatalyst, the substrate scope would be limited to non-alpha-
branched aldehydes. We hypothesized that a bifunctional catalyst based on the PyBOX 
ligand may be able to incorporate an organocatalytic moiety capable of enamine 
formation with either alpha-branched aldehydes or ketones, while still preventing 
undesirable coordination of the amine moiety to the metal center. (Figure 5.1.1) 
 
 
Figure 5.1.1 Dual vs bifunctional catalysis for additions of carbonyl compounds to 






This hypothesis was based on our observation that a bulky t-Bu-PyBOX ligand, and 
sterically hindered imidizolidinone organocatalyst, prevented intermolecular poisoning of 
the Lewis acid by the organocatalyst. Alternatively, a bifunctional catalyst with a less 
hindered binding pocket could also expand the scope of the electrophile. The work on 
this bifunctional PyBOX system was preceded by similar studies of a bifunctional PyOx 
system.80 (Figure 5.1.2) This work involved the synthesis and screening of a novel 
bifunctional PyOx ligand. Work on these studies was largely performed by Eric Greve.  
 
 




5.2 Synthesis of Bifunctional PyBOX Precatalysts  
 
With inspiration from DFT calculations from our previous report on bifunctional 
PyOX precatalysts, we envisioned a PyBOX ligand which connected to an amine acting 
as the organocatalytic moiety. During our previous studies with a pyridine-oxazoline 
(PyOX)-based bifunctional catalyst, DFT calculations predicted that the positioning of 
the amine tether in the meta position, and the two carbon spacing between the amine and 











Synthesis of the PyBOX-based precatalyst began with mono-esterification of 
carboxylic acid 92 via Fisher esterification to afford ester 93. EDC amide coupling with 
2,2-dimethyl-2-aminoethanol gave amide 94 in 70% yield. Hydrolysis of the ester 
followed by EDC amide coupling of carboxylic acid 95 with amine 96 led to bis-amide 
97. This coupling was complicated by the fact that amide 97 continued to react with 






Attempts to suppress the formation of byproduct 100 by lowering the reaction 
temperature to 0 °C and using a slight excess of amine 96 were unsuccessful. In order to 
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ensure that all of valuable amine 96 was consumed, an excess of carboxylic acid 95 was 
used. After aqueous workup, the crude oil containing a mixture of 100 and amide 97 was 
dissolved in 1:1 H2O:THF. The addition of LiOH hydrolyzed the ester byproduct to 
furnish amide 97 as the sole product after aqueous workup to remove the resulting 
carboxylic acid 95. Synthesis of the key intermediate amide 96 was reported in our 
previous publication on the evaluation of bifunctional PyOX catalysts.82 Initial attempts 
to form bis-oxazoline 98 with Deoxo-Fluor® performed at either -78 °C or 0 °C led to 
closure of only one of the oxazoline rings with limited formation of bis-oxazoline 98. 
Rapid addition of Deoxo-Fluor® at room temperature under stringently anhydrous 
conditions led to rapid formation of bis-oxazoline 98 in 88% yield. Lastly, amine 
deprotection in neat TFA furnished the desired precatalyst 99. Neat TFA was required to 
prevent opening of the oxazoline rings of precatalyst 99. 
 
 
5.3 X-ray Studies 
 
With our precatalyst in hand, we wished to ensure that it was coordinating with a 
π-Lewis acid in the expected manner before attempting reaction screens. We aimed to 
isolate a single crystal suitable for X-ray diffraction of our bifunctional ligand 
coordinated to either a Pt or Pd metal salt. Bis-cationic Pt complexes were formed by 
adding ligand 99 to PtI2(DMSO)2 in nitromethane followed by 1 equivalent of AgBF4. 
These light-sensitive mixtures were covered with aluminum and heated for 1 h before the 
Ag salts were removed via syringe filter. The samples were condensed and the resulting 
oil was taken up into minimal 1:1 nitromethane:benzene. Ether was then allowed to 
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slowly diffuse into the mixture over several days. Unfortunately, a crystal of a platinum 
bound ligand was not obtained.  
 
Since Pd was also a metal of interest,42,43 attempts were made to obtain a Pd 
bound crystal. For these samples, (CH3CN)4Pd(BF4)2 was added to ligand 99 in 
nitromethane. Once the solution became homogeneous, it was condensed and the oil was 
dissolved in minimal 1:1 nitromethane:benzene. Ether was allowed to slowly diffuse into 
the mixture over several days to yield a single crystal suitable for X-ray diffraction, 
which was analyzed by Dr. Sergey Lindeman (Figure 5.3.1). 
 
Figure 5.3.1 X-ray crystal structure of ligand 99 bound to Pd 
  




 This structure showed the PyBOX ligand moiety of the precatalyst binding to Pd 
in a tridentate fashion with an acetonitrile molecule coordinating to give a square planer 
Pd complex. This X-ray structure gives evidence that our bifunctional PyBOX 
precatalysts are complexing the Lewis acid in the expected manner, consistent with our 
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models for working catalysts. With this result, we could proceed to the screening stage of 
catalyst evaluation with a greater degree of confidence in our catalyst design. 
 
5.4 Preliminary Intermolecular Reactions with a Bifunctional PyBOX Catalyst 
 
 With the intermolecular addition of aldehyde 89 to alkyne 90 observed with the 
dual catalytic system outlined in Chapter 4, we wished to run a small number of 
experiments to determine if under similar conditions, our bifunctional catalyst would 
generate enal 91. (Scheme 5.4.1) 
 
Scheme 5.4.1 Intermolecular addition of aldehyde 89 to alkyne 90 facilitated by a 





This initial reaction was run by first dissolving precatalyst 99 and PtI2(DMSO)2 in 
CD2Cl2. Once the solution became homogeneous, 1 equivalent of AgBF4 was added 
before the reaction was covered with aluminum and heated for 1 hour at 30 °C. The silver 
salts were removed via syringe filter, followed by the addition of aldehyde 89 and alkyne 
90. The reaction was warmed to 30 °C for 24 hours at which time in-situ 1H NMR 
analysis showed that the desired product had formed in 5% yield. An operationally 
identical experiment was run utilizing CD3NO2 as the solvent, and heating to 70 °C for 
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24 h. This reaction gave a similar yield (3%). The yield of this reaction in both solvents 
was low when compared to the dual catalyzed reactions run in CD2Cl2 and CD3NO2 under 
the same conditions (11% and 19% yields respectively). It is promising that some desired 
product is formed with the bifunctional catalyst, albeit low yielding. This suggests that 
the N-methylamine moiety on the bifunctional catalyst may be functioning as an 
organocatalyst, at least to some degree. Since supplies of this bifunctional catalyst are 
presently extremely limited due to its challenging synthesis, we will proceed further with 
its studies AFTER optimizing conditions for the respective dual catalytic reactions, which 
may utilize commercially available catalysts. Future control reactions will also be 
performed (such as running the reaction with a protected amine moiety) to confirm that 
the catalyst is operating in a bifunctional manner. Systems with variations on the 
organocatalytic moiety may also be synthesized, and systematic scope studies may be 
performed if justified (Figure 5.4.1). The lack of self-quenching with the bifunctional 
systems could permit less-hindered ligand and orgamocatalyst moiety combinations to be 











Experimental Procedures and Characterization of Compounds 
 
6.1 General Procedures for Bifunctional Catalysis for Asymmetric Aldol Reactions 
 
 All reagents and solvents were purchased from commercial vendors and used as 
received, unless otherwise noted. NMR spectra were recorded on Varian 300 MHz or 400 
MHz spectrometers as indicated. Proton and carbon chemical shifts are reported in parts 
per million (ppm; δ) relative to tetramethylsilane, CDCl3 solvent, or d6-DMSO (
1H δ 0, 
13C δ 77.16, or 13C δ 39.5, respectively). NMR data are reported as follows: chemical 
shifts, multiplicity (obs = obscured, app = apparent, br = broad, s = singlet, d = doublet, t 
= triplet, q = quartet, m = multiplet, comp = complex overlapping signals); coupling 
constant(s) in Hz; integration. Unless otherwise indicated, NMR data were collected at 25 
°C. Flash chromatography was performed using Biotage SNAP cartridges filled with 40-
60 µm silica gel, or C18 reverse phase columns (Biotage® SNAP Ultra C18 or Isco 
Redisep® Gold C18Aq) on Biotage Isolera systems, with photodiode array UV detectors. 
Analytical thin layer chromatography (TLC) was performed on Agela Technologies 0.25 
mm glass plates with 0.25 mm silica gel. Visualization was accomplished with UV light 
(254 nm) and aqueous potassium permanganate (KMnO4) stain followed by heating, 
unless otherwise noted. Tandem liquid chromatography/mass spectrometry (LC-MS) was 
performed on a Shimadzu LCMS-2020 with autosampler, photodiode array detector, and 
single-quadrupole MS with ESI and APCI dual ionization, using a Peak Scientific 
nitrogen generator. Unless otherwise noted, a standard LC-MS method was used to 
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analyze reactions and reaction products: Phenomenex Gemini C18 column (100 x 4.6 
mm, 3 µm particle size, 110 A pore size); column temperature 40 °C; 5 µL of sample in 
MeOH at a nominal concentration of 1 mg/mL was injected, and peaks were eluted with a 
gradient of 25−95% MeOH/H2O (both with 0.1% formic acid) over 5 min., then 95% 
MeOH/H2O for 2 min. Purity was measured by UV absorbance at 210 or 254 nm. Gas 
chromatography/mass spectrometry (GC-MS) was performed with an Agilent 
Technologies 6850 GC with 5973 MS detector, and Agilent HP-5S or Phenomenex 
Zebron ZB-5MSi Guardian columns (30 m, 0.25 mm ID, 0.25 µm film thickness), or a 
Shimadzu 2010 Plus GC with an AOC-20i auto injector and QP2010 SE MS detetector, 
and Shimadzu SH-5Rxi-4SiMS column (30 m, 0.25 mm ID, 0.25 m film thickness). 
High-resolution mass spectra were obtained at the University of Wisconsin-Milwaukee 
Mass Spectrometry Laboratory with a Shimadzu LCMS-IT-TOF with ESI and APCI 
ionization, or at the University of Cincinnati Environmental Analysis Service Center with 
an Agilent 6540 LCMS with accurate mass Q-TOF. IR spectra were obtained as a thin 
film on NaCl or KBr plates using a Thermo Scientific Nicolet iS5 spectrometer. Optical 
rotations were measured with a Perkin Elmer 341 polarimeter at = 589 nm, with a 10 mL 
cell with 10 cm path length. Specific rotations are reported as follows: [α]D
















yl]carbamoyl}pyrrolidine-1-carboxylate (9). N-Boc-L-proline (3.75 g, 17.4 mmol), L-
threonine methyl ester HCl (2.96 g, 17.4 mmol), and HOBt (2.94 g, 19.2 mmol) were 
added to a 250 mL round bottom flask equipped with a magnetic stir bar. DCM (100 mL) 
was then added followed by DIEA (6.76 g, 52.3 mmol). The reaction stirred for 5 min 
then EDC-HCl (3.67 g, 19.2 mmol) was added. The flask was sealed with a septum and 
stirred at room temperature for 24 h after which time the starting material was consumed, 
as observed by LC-MS. The reaction was diluted with 200 mL DCM, and the organic 
layer was separated and washed with 0.1N HCl, DI water, saturated sodium bicarbonate, 
and finally brine. The combined organics were dried over Na2SO4 and concentrated under 
vacuum to afford a pale yellow oil The crude oil was taken up in minimal DCM and 
purified by flash chromatography (100 g SiO2 column, 0-11% MeOH:DCM gradient) to 
yield 9 as a clear colorless oil (4.1 g, 71%). The 1H NMR data obtained were in 
agreement with that reported in the literature (CAS# 955401-36-2). 1H NMR (400 MHz, 
CDCl3): δ = 1.22 (d, J=1.0 Hz, 3 H), 1.47 (s, 9 H), 1.84 - 1.98 (m, 2 H), 2.10 - 2.49 (m, 2 
H), 2.76 (br, 1 H), 3.30 - 3.58 (m, 2 H), 3.77 (s, 3 H), 4.27 - 4.33 (m, 1 H), 4.58 (dd, 







carboxylate (10). Alcohol 9 (3.60 g, 10.9 mmol) was added to a 250 mL round bottom 
flask containing DCM (150 mL) and DMP (5.08 g, 12.0 mmol). The reaction was stirred 
at room temperature for one hour before water was added (0.816 g, 45.3 mmol), then 
stirred for another hour before the consumption of the starting material was observed via 
LC-MS. The crude was filtered through basic alumina to remove precipitated salts and 
concentrated to afford 10 as a colorless oil (2.20 g, 61%). The product was taken directly 






carboxylate (11). Ketoester 10 (2.50 g, 7.61 mmol)  was taken up in dry THF (40 mL). 
Lawesson’s reagent (6.16 g, 15.2 mmol) was added and the flask was fitted with a 
condenser and sealed with a rubber septum. The apparatus was purged with nitrogen and 
placed under positive nitrogen pressure then refluxed for 24 h, after which time TLC 
indicated the consumption of starting material. The reaction was cooled to room 
temperature and diluted with DCM (100 mL), then the organic layer was washed with 
saturated sodium bicarbonate, water, and brine before being dried over sodium sulfate 
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and concentrated. The crude was purified via flash chromatography (50 g SiO2, 0-78% 
EtOAc:hexanes gradient) to yield of 3 as an orange oil (1.34 g, 54%). The 1H NMR data 
obtained were in agreement with that reported in the literature (CAS# 347191-33-7). 1H 
NMR (300 MHz, CDCl3): δ = 1.31 (s, 6 H), 1.47 (s, 3 H), 1.92 (br, 2 H), 2.13 - 2.42 (m, 2 





acid (12) Thiazole 11 (1.34 g, 4.00 mmol) was added to a 500 mL round bottom flask 
followed by methanol (150 mL) and H2O (40 mL), along with sodium hydroxide 
pellets  (0.82 g, 20.5 mmol). The reaction was stirred at reflux for 48 h, after which time 
the starting material was consumed, as determined by LC-MS. The reaction was brought 
to neutral pH using 2M HCl, and the solvent was removed to afford an oily orange solid. 
DI water was added, and the solution was extracted with DCM x 3. The organic layers 
were combined, washed with brine, dried over Na2SO4, and concentrated to afford an 
orange foam. The crude material was taken up into DCM and purified via flash 
chromatography (50 g SiO2 column, 0-100% EtOAc:hexanes gradient) to yield 12 as a 
tan oil (0.97 g, 75%). TLC Rf = 0.31 (50:50 EtOAc:hexanes) [α]D
25 –97 (0.156, DCM) IR 
(thin film): 3411, 2976, 1700, 1394, 1166, 729 cm-1 1H NMR (300 MHz, CDCl3): δ = 
1.31 (rotamer 1); 1.49 (rotamer 2) (9H), 1.96 (br, 2 H), 2.29 (br, 2 H), 2.78 (br, 3 H), 3.57 
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(br, 2H), 5.09 (br, 1 H).13C NMR is complicated due to rotamers.13C NMR (101 MHz, 
CDCl3): δ = 13.2, 14.2, 21.0, 23.2, 24.0, 28.3, 28.4, 32.6, 34.0, 46.6, 47.0, 58.7, 59.3, 
80.6, 128.5, 131.7, 141.7, 145.5, 154.2,163.9, 164.4, 170.6, 171.3, 171.6. HRMS (ESI+): 





yl}pyrrolidine-1-carboxylate (13) Carboxylic acid 12 (1.01 g, 3.22 mmol) was added to 
a 100 mL round bottom flask with DCM (20 mL), followed by DIPEA (0.833 g, 6.45 
mmol). Isobutyl chloroformate (0.484 g, 3.55 mmol) was added dropwise then stirred at 
room temperature. After two hours, consumption of the carboxylic acid and the formation 
of the mixed anhydride were observed via LC-MS. During the mixed anhydride 
formation, 2-amino-2-methyl-propanol (0.486 g . 3.87 mmol) and DIPEA (0.417 g , 3.22 
mmol) were stirred at room temperature in DCM (20 mL) in a separate flask. After the 
formation of the mixed anhydride was complete, the 2-amino-2-methyl-propanol/DIPEA 
mixture was added and the reaction stirred overnight, after which time LC-MS indicated 
complete consumption of the mixed anhydride. The reaction mixture was washed with 
0.1N HCl, saturated sodium bicarbonate, and brine. Acid and base washes were each 
back extracted with EtOAc (2 x 10 mL). The combined organic layers were dried over 
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sodium sulfate and concentrated to give a yellow oil, then dissolved with DCM and 
purified via flash chromatography (25 g SiO2 column, 0-100% EtOAc : hexanes gradient) 
to yield 13 as a yellow oil (0.73 g, 59%). TLC Rf = 0.50 (50:50 EtOAc:hexanes) [α]D
25 –
52 (0.217, DCM) IR (thin film): 3350, 2975, 2250, 1690, 1400, 1050, 725 cm-1 1H NMR 
(400 MHz, CDCl3): δ = 1.33 (s, 6 H), 1.36 (rotamer 1); 1.45 (rotamer 2) (9H), 1.94 (br, 2 
H), 2.14 (br, 1 H), 2.24 (br. s, 1H), 2.65 - 2.78 (m, 3 H), 3.41 (m, J=9.2, 8.1 Hz, 1 H), 
3.54 (br, 1 H), 3.61 - 3.73 (m, 2 H), 4.87 - 5.34 (m, 1 H), 7.51 (s, 1 H).Carbon NMR is 
complicated due to rotamers. 13C NMR (101 MHz, CDCl3): δ = 12.8,14.2, 23.1, 23.9, 
24.8, 28.4, 32.7, 33.8, 46.4, 46.9, 56.0, 58.8, 59.0, 70.9, 80.2, 140.6, 142.0, 142.1, 154.1, 
154.6, 163.6, 169.4, 169.8, 171.1. HRMS (ESI+): calculated for C18H29N3O4S [M+H] 





2-yl]pyrrolidine-1-carboxylate (14). Amino alcohol 13 (0.730 g, 1.90 mmol) was added 
to a 15 mL round bottom flask. The flask was sealed under nitrogen and dry DCM (5 mL) 
was added and cooled to -20 °C. Deoxo-fluor® (0.463 g , 2.09 mmol) was added dropwise 
over 5 min. The reaction was stirred at -20 °C for one hour, after which time LC-MS 
indicated the consumption of starting material. The reaction was allowed to warm to 5 
°C before quenching with saturated aqueous sodium bicarbonate (5 mL). The aqueous 
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layer was extracted with DCM (3 x 5 mL), and the combined organic layers were dried 
over sodium sulfate and concentrated to give an orange oil. The crude oil was dissolved 
in DCM and purified via flash chromatography (10 g SiO2 column, 0-100% EtOAc : 
hexanes gradient) to yield 14 as a pale yellow oil (0.56 g, 80%). [α]D
25 –63 (0.270, DCM) 
TLC Rf = 0.80 (50:50 EtOAc:hexanes) IR (thin film): 2975, 1690, 1375, 1150 cm
-1 1H 
NMR (400 MHz, CDCl3): δ = 1.23 (s, 6H), 1.26 (rotamer 1); 1.36 (rotamer 2) (9H), 1.67 
- 1.90 (m, 2 H), 1.99 - 2.29 (m, 2 H), 2.58 (br, 2 H), 3.24 - 3.40 (m, 1 H), 3.42 (br, 1 H), 
3.98 (br, 2 H), 5.01 (br, 1 H). 13C NMR is complicated due to rotamers. 13C NMR (101 
MHz, CDCl3): δ = 12.9, 22.9, 23.7, 28.2, 28.3, 28.4, 32.8, 34.1, 43.3, 46.5, 46.9, 59.0, 
59.4, 67.5, 71.3, 78.7, 80.1, 138.4, 139.2, 154.1, 157.9, 172.2. HRMS (ESI+): calculated 





oxazole (15b). Compound 14 (0.278 g, 0.761 mmol) was placed in a 4 mL vial followed 
by TFA (0.173 g, 1.52 mmol) and was allowed to stir overnight at room temperature. The 
reaction was diluted with water (2 mL), and the pH was brought to 11 using 7.4 M 
aqueous ammonium hydroxide. The aqueous layers were extracted with EtOAc (3 x), 
dried over sodium sulfate, and concentrated to afford an orange oil. The crude oil was 
taken up into DCM and purified via flash chromatography (5 g SiO2 column). The 
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column was flushed with 5 column volumes of EtOAc,  then the desired product 15b was 
eluted with MeOH and concentrated to yield a yellow oil (0.124 g, 61%). [α]D
25 –32 
(0.165, DCM) TLC Rf = 0.40 (5% MeOH in DCM) IR (thin film): 3300, 2980, 2210, 
1650, 725 cm-1 1H NMR (400 MHz, CDCl3): δ = 1.30 (s, 6 H), 1.65 - 1.82 (m, 2 H), 1.82 
- 1.93 (m, 1 H), 2.05 - 2.27 (m, 1 H), 2.61 (s, 3 H), 2.92 - 3.07 (m, 2 H), 3.11 (br, 1 H), 
4.01 (s, 2 H), 4.48 (t, J=1.0 Hz, 1 H) 13C NMR (101 MHz, CDCl3): δ = 12.9, 25.4, 28.4, 
33.9, 46.8, 59.4, 67.4, 78.8, 139.0, 158.2, 175.0 HRMS (ESI+): calculated for 
C13H19N3OS [M+H] 266.1320, found 266.1322. 
 




Stock solutions of precatalyst (0.02 M), 4-nitrobenzaldehyde (0.40 M), and 
propionaldehyde (0.80 M) were prepared. All precatalysts were used as free bases (or 
zwitterions) by neutralizing HCl salts with aqueous ammonium hydroxide and extracting 
with DCM prior to use. 
1) Metal salts (0.01 mmol) were weighed into separate 1.5 mL HPLC vials. 
2) If solid additives were included, they were added to the vials at this time. 
3) Precatalyst solutions (500 μL of 0.02 M stock solution, 0.01 mmol) were added to 
each vial. 
4) If additive solutions were included, they were added to the vials next. 
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5) 4-Nitrobenzaldehyde solution (250 μL of 0.40 M solution, 0.1 mmol), was added to 
each vial. 
6) Propionaldehyde (250 μL of 0.80 M solution, 0.2 mmol) was added to each vial.  
 After addition of all reagents, the vials were capped (PTFE septa) and placed in a 
cardboard vial box attached to a vortex shaker. Vials were shaken for 24 hours on the 
lowest speed to avoid leakage from the vials. 9 mL glass test tubes were labeled to 
correspond to each of the reaction vials and sodium borohydride (~75 mg, 2 mmol, 20 
eq.) was added to each tube and cooled on ice. 4:1 DCM:MeOH (1 mL) was added, then 
the reaction solutions were pipeted dropwise (over ~30 s) to the test tubes. The tubes 
were removed the ice bath and warmed to room temperature over thirty minutes, with 
periodic mixing. Saturated aqueous ammonium chloride solution (1 mL) was then added 
via pipet dropwise (~ 1 min.) to each tube to quench the reduction reaction, followed by 1 
M aqueous HCl (1 mL) added via pipet dropwise (~1 min.) to further neutralize the 
solutions and to help dissolve solid precipitates. DCM (~1 mL) was added to each tube to 
resolve the phases. The organic phases were separated to fresh 9 mL tubes, then the 
remaining solutions were extracted with additional DCM (2 x 2 mL). The combined 
organic solutions were concentrated via Speedvac (initially at 400 torr with low heating, 
then 25 torr). A stock solution of LC-MS grade isopropanol with 5 mg/mL of o-
dichlorobenzene as an internal standard was made. Each crude sample was dissolved in 1 
mL of this stock solution and filtered through a 0.22 micron nylon syringe filter into a 1.5 
mL HPLC vial. The samples were analyzed by HPLC using 5 uL injections and 13:87 
IPA:hexane isocratic method (1 mL/min.) for 20 min., with a Phenomenex Lux 5 μm 
Cellulose-2 column (250 x 4.6 mm) and UV detection at λ = 254 nm. Representative 
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retention times: 3.3 min: o-dichlorobenzene; 9.3 min: benzyl alcohol; 10.7 min., syn 
enantiomer 1; 12.0 min., syn enantiomer 2; 14.5 min., anti enantiomer 1; 15.6 min., anti 
enantiomer 2. 
 
6.2 General Procedures for Bifunctional Cu(I) Catalysis 
 
 A Vacuum Atmospheres Co. Omni-Lab glovebox was used for weighing out air 
sensitive materials, as noted in the detailed protocols. All reactions utilized magnetic 
stirring unless otherwise noted. All reagents and solvents were purchased from 
commercial vendors and used as received. NMR spectra were recorded on Varian 300 
MHz or 400 MHz spectrometers as indicated.  Proton and carbon chemical shifts are 
reported in parts per million (ppm; δ) relative to tetramethylsilane, CDCl3, or d6-DMSO 
(1H δ 0, 13C δ 77.16, or 13C δ 39.5, respectively). NMR data are reported as follows: 
chemical shifts, multiplicity (obs = obscured, app = apparent, br = broad, s = singlet, d = 
doublet, t = triplet, q = quartet, sxt = sextet, m = multiplet, comp = complex overlapping 
signals); coupling constant(s) in Hz; integration.  Unless otherwise indicated, NMR data 
were collected at 25 °C. Flash chromatography was performed using Biotage SNAP 
cartridges filled with 40–60 µm silica gel, or C18 reverse phase columns (Biotage® 
SNAP Ultra C18 or Isco Redisep® Gold C18Aq) on Biotage Isolera systems, with 
photodiode array UV detectors. Analytical thin layer chromatography (TLC) was 
performed on Agela Technologies glass plates with 0.25 mm silica gel with F254 
indicator. Visualization was accomplished with UV light (254 nm) and aqueous 
potassium permanganate (KMnO4) stain followed by heating, unless otherwise noted. 
Tandem liquid chromatography/mass spectrometry (LC-MS) was performed on a 
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Shimadzu LCMS-2020 with autosampler, photodiode array detector, and single-
quadrupole MS with ESI and APCI dual ionization, using a Peak Scientific nitrogen 
generator. Unless otherwise noted, a standard LC-MS method was used to analyze 
reactions and reaction products: Phenomenex Gemini C18 column (100 x 4.6 mm, 3 µm 
particle size, 110 A pore size); column temperature 40 °C; 5 µL of sample in MeOH or 
CH3CN at a nominal concentration of 1 mg/mL was injected, and peaks were eluted with 
a gradient of 25−95% CH3CN/H2O (both with 0.1% formic acid) over 5 min., then 95% 
CH3CN/H2O for 2 min. Purity was measured by UV absorbance at 210 or 254 nm. High-
resolution mass spectra were obtained at the University of Wisconsin-Milwaukee Mass 
Spectrometry Laboratory with a Shimadzu LCMS-IT-TOF with ESI and APCI 
ionization. Gas chromatography/mass spectrometry (GC-MS) was performed with 
Agilent Technologies 6850 GC with 5973 MS detector, and Agilent HP-5S or 
Phenomenex Zebron ZB-5MSi Guardian columns (30 m, 0.25 mm ID, 0.25 µm film 
thickness). Preparative HPLC was performed on a Shimadzu LC-20AP preparative 
HPLC with autosampler, dual wavelength detector, and fraction collector. Method: 
Column: Phenomenex Gemini C18 semi-preparative (250 x 10 mm, 5 µm particle size, 
110 Å pore size); Mobile Phase: Solvent A: H2O w/ 0.1% formic acid; Solvent B: MeOH 
w/ 0.1% formic acid; Peak collection: measured by UV absorbance at 210 or 254 nm; 
Sample Injection: 0.3 mL (2 mL sample loop) of sample in DMSO; Flow Rate:6.0 
mL/min; Gradient: 0 to 1.5 min.: 25% MeOH, 1.5 min. to 12 min.: 25% to 95% MeOH, 
12 min to 19 min: 95% MeOH. IR spectra were obtained as a thin film on ZnSe plate 
using a Thermo Scientific Nicolet iS5 spectrometer. Optical rotations were measured 
with a Rudolph Research Analytical Autopol polarimeter at λ = 589 nm, using a 2 mL 
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cell with 10 cm path length. Specific rotations are reported as follows: [α]D
T °C (c = g/100 
mL, solvent). A VWR® Analog vortex mixer fitted with a 5 x 5” sample box with divider 
was used to shake reaction samples. Alkyne and carbonyl stock solutions used for 
screening were made outside of the glovebox and purged with argon for 10 min. before 
being brought into the glovebox for use. Ligand solutions for crystallizations of Cu(I) 
complexes were made on the benchtop and purged with argon for 10 min. before being 
brought into the glovebox for use. 
 
 6.2.1 General Protocol for Intramolecular Carbocyclization Screens 
 
 The procedure used was adopted from the protocol reported by Michelet.34 First, a 
stock solution was made by adding formyl alkyne 25 (200 mg, 0.790 mmol) and 
cyclohexylamine (0.018 mL, 0.16 mmol) to a 4 mL vial with stir bar containing DCE (2.0 
mL). After 10 min., 0.2 mL of this solution which contained formyl alkyne 25 (0.020 g, 
0.079 mmol) and cyclohexylamine (1.8 𝜇L, 0.016 mmol), was added to a 1.5 mL HPLC 
vial, which contained a solution of the ligand (0.012 mmol) and metal salt (0.012 mmol) 
in DCE (0.15 mL). The vials were capped and shaken for 16 h. The reaction mixtures 
were filtered through silica plugs in Pasteur pipets, eluted with EtOAc (~2 mL), and 
condensed. Yields of 26 were measured by 1H NMR in CDCl3 using pentachloroethane 
as an internal standard. Reactions using Cu(I) metal salts followed the same general 





6.2.2 General Procedure for Intermolecular Reaction Screens 
 
 First, alkyne and carbonyl stock solutions were made by mixing the alkyne (0.65 
mmol) with DCE (0.75 mL) in a 1.5 mL HPLC vial. Carbonyl compounds (0.155 mmol) 
were mixed with DCE (0.6 mL) in a 1.5 mL HPLC vial. The vials were sealed and argon 
was bubbled through the solutions for 10 min. before they were brought into the 
glovebox. In the glovebox, ligand 55a and (CH3CN)4CuBF4 stock solutions was made by 
weighing the metal salt (0.035 g, 0.109 mmol) into a 20 mL scintillation vial, followed by 
addition of 55a (0.042 g, 0.109 mmol) as a solution in 10.5 mL DCE. 0.5 mL of this 
stock solution containing 55a (2.0 mg, 0.005 mmol) and (CH3CN)4CuBF4 (1.7 mg 0.005 
mmol) was added to separate HPLC vials before the alkyne (0.130 mmol) was added as a 
stock solution (0.15 mL to each vial), followed by the stock solution of carbonyl 
compound (0.10 mL, 0.026 mmol). If additives (0.005 mmol) were used, they were added 
at this point as solutions in 0.1 mL DCE. The reaction vials were removed from the 
glovebox, sealed with parafilm, and heated in a sand bath at 50 °C without stirring for 16 
h. After heating, the samples were directly analyzed by GC-MS. GC-MS method (see 
General Information for further details): 50 °C to 100 °C over 2 min., then hold at 100 °C 








6.2.3 General Protocol for Crystallizations of Metal Complexes 
 
 In the glovebox, Cu(I) metal salts (0.010 mmol) were weighed into an oven dried 
1.5 mL HPLC vial. The ligand 55a (0.010 mmol) was added to the metal salt as a 
solution in CH3NO2 (0.5 mL). The vial caps were pierced with a needle and the vials 
were sealed in a Chemglass Airfree® drying chamber. The chamber was removed from 
the glovebox and placed under vacuum (0.1 mm Hg) for 12 h to remove the solvent. The 
dried samples were brought back into the glovebox where they were dissolved with 0.1 
mL 1:1 CH3NO2:benzene and placed in a shortened 5 mm NMR tube (~2.5 cm long), 
which was set inside of a 4 mL vial. Ether (0.4 mL) was added to the vial containing the 
sample tube, and the vials were tightly capped with septa, placed into the  Chemglass 
Airfree® drying chamber, and removed from the glovebox. The chamber sat in a dark 
cabinet for 3-7 days to allow crystals to form. Samples containing non-oxygen sensitive 
complexes were set up outside of the glovebox but followed the same general procedure. 
 
 6.2.4 Protocol for NMR Binding Studies with Precatalyst 
 
Precatalyst 55a (0.004 g, 0.010 mmol) was added to a 4 mL vial followed by CD3NO2 
(0.8 mL). The vial was sealed with a septum and the solution was purged with argon for 
10 min. before being brought into the glovebox.  (CH3CN)4CuBF4  (0.003 g, 0.010 
mmol) was weighed into a 1.5 mL HPLC vial in the glovebox, and the ligand solution 
was transferred to this vial. After the solution became homogeneous, 0.4 mL was 









(48). N-Boc glycine (46) (6.28 g, 35.9 mmol) and L-threonine methyl ester, HCl salt (47) 
(6.08 g, 35.9 mmol) were added to a 500 mL round bottom flask with stir bar and 
dissolved with DCM (250 mL). HOBt (6.04 g, 39.4 mmol) was added followed by 
DIPEA (15.6 mL, 89.6 mmol), and sealed with a septum. The reaction stirred for 3 min. 
until the solids dissolved, then EDC HCl (7.56 g, 39.4 mmol) was added. The reaction 
stirred for 16 h. A sample aliquot was taken from the reaction, dissolved in 1 mL HPLC 
grade MeCN, and analyzed with LCMS to confirm reaction completion. The reaction was 
washed with half saturated sodium bicarbonate (2 x 250 mL), and 0.1 N HCl (2 x 250 
mL). The combined aqueous washes were saturated with NaCl and extracted with EtOAc 
(3 x 250 mL). The combined organics were washed with brine. dried over sodium sulfate, 
filtered, and condensed to give the title compound as a clear oil (8.00 g, 77%). The crude 
product was pushed forward without further purification. This compound has been 
previously reported and characterized (CAS# 67864-88-4). 1H NMR (400 MHz, CDCl3) 
δ = 1.20 (d, J = 8.2 Hz, 3 H), 1.45 (s, 9 H), 3.75 (s, 3 H), 3.88 (br s, 2 H), 4.34 (br s, 1 H), 






Methyl (2S)-2-(2-{[(tert-butoxy)carbonyl]amino}acetamido)-3-oxobutanoate (49). 
Alcohol 48 (7.20 g, 24.9 mmol) was added to a 1 L round bottom flask with stir bar 
followed by DCM (600 mL) and Dess-Martin periodinane (12.62 g, 29.8 mmol). The 
flask was sealed with a septum and purged with nitrogen. The reaction was stirred for 1.5 
h before water (0.45 mL, 24.8 mmol) was added, and the reaction stirred for another 3 h. 
A sample aliquot was taken from the reaction, dissolved in 1 mL HPLC grade MeCN, 
and analyzed with LC-MS to confirm reaction completion. The reaction was poured on to 
a 10% sodium thiosulfate solution (400 mL) and stirred for 20 min. The organic layer 
was separated, washed with saturated aq. sodium bicarbonate (2 x 250 mL) and brine, 
then dried over sodium sulfate, filtered, and condensed to give the title compound as a 
yellow oil (5.80 g, 81%). The crude product was pushed forward without further 








carboxylate (50). Ketone 49 (5.84 g, 20.3 mmol) was added to a 250 mL round bottom 
flask with stir bar followed by anhydrous THF (150 mL) under a nitrogen atmosphere. 
Lawesson's Reagent (12.29 g, 30.4 mmol) was added and the flask was fitted with a 
reflux condenser before the apparatus was sealed with a septum and purged with nitrogen 
for 15 min., before being heated to reflux for 16 h. A sample aliquot was taken from the 
reaction, dissolved in 1 mL HPLC grade MeCN, and analyzed with LC-MS to confirm 
reaction completion. The reaction was condensed to an oil, then dissolved in EtOAc (250 
mL) and washed with saturated sodium bicarbonate (2 x 250 mL). The aqueous washes 
were extracted with EtOAc (100 mL), and the combined organics were washed with brine 
and condensed to a yellow oil. The oil was adsorbed onto SiO2 (25 g), then purified by 
flash chromatography (100 g SiO2 cartridge; 0 to 100% EtOAc/hexanes gradient) to yield 
the title compound as a yellow oil (3.12 g, 53%). This compound has been previously 
reported and characterized (CAS# 232280-95-4). 1H NMR (400 MHz, CDCl3) δ = 1.47 





carboxylate (51). Thiazole 50 (3.00 g, 10.5  mmol) was added to an oven dried 250 mL 
round bottom flask with stir bar containing 4 Å molecular sieves (1.0 g). The flask was 
sealed with a septum and flushed with nitrogen, then anhydrous DMF (75 mL) was 
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added. After 1 h the DMF solution was syringed away from the sieves into a second 250 
mL oven round bottom flask with stir bar sealed under nitrogen. The sieves were rinsed 
with DMF under nitrogen (1 x 10 mL). Benzyl bromide (1.65 mL, 9.63 mmol) was added 
via syringe followed by NaH (0.545 g, 13.6 mmol). The reaction was stirred for 16 h 
under nitrogen. A sample aliquot was taken from the reaction, dissolved in 1 mL HPLC 
grade MeCN, and analyzed with LC-MS to confirm reaction completion. The reaction 
was diluted with ether (250  mL), quenched with saturated aqueous ammonium chloride 
(150 mL), then diluted with water (750 mL). The organic layer was separated and the 
aqueous layer was saturated with solid NaCl, then extracted with ether (2 x 75 mL). The 
combined organics were washed with brine, dried over sodium sulfate, filtered, and 
condensed to afford a light brown oil. The crude was purified by flash chromatography 
(50 g SiO2 cartridge; 0 to 45% EtOAc/hexanes gradient) to give the title compound as a 
yellow oil (2.30 g, 58%). TLC Rf = 0.33 (70:30 hexane:EtOAc); 
1H NMR (300 MHz, 
CDCl3) δ = 1.33 - 1.73 (m, 9 H), 1.51 (s, 9 H), 2.75 (s, 3 H), 3.93 (s, 3 H), 4.48 (s, 2 H), 
4.63 (d, J = 1.0 Hz, 2 H), 7.28 (t, J = 8.8 Hz, 5 H); 13C NMR is complicated due to 
rotamers. 13C NMR (75 MHz, CDCl3) δ = 13.4, 28.6, 48.4, 50.3, 51.1, 52.3, 81.3, 127.7, 
128.4, 128.8, 137.5, 140.5, 145.9, 146.5, 155.2, 155.8, 163.0, 164.9, 165.5; IR (film) 
2972, 1696, 1157, 700 cm−1; HRMS (ESI+) calculated for C19H24N2O4S [M+H] 






yl]methyl}carbamate (52). Ester 51 (2.00 g, 5.31 mmol) was added to an oven dried 100 
mL round bottom flask with stir bar followed by sodium triacetoxyborohydride (0.059 g, 
0.27 mmol), and sodium borohydride (0.433 g, 11.2 mmol). The flask was sealed with a 
septum and purged with nitrogen before anhydrous THF (30 mL) was added via cannula. 
The reaction was stirred for 5 min., then anhydrous methanol (0.86 mL, 21.3 mmol) was 
added via syringe over 5 min. The reaction was heated at 35 °C for 16 h. A sample 
aliquot was taken from the reaction, dissolved in 1 mL HPLC grade MeCN, and analyzed 
with LC-MS to confirm reaction completion. The reaction was diluted with EtOAc (50 
mL) and quenched with saturated aqueous ammonium chloride. The layers were 
separated and the aqueous layer was saturated with solid NaCl, then extracted with 10% 
MeOH in DCM (3 x 75 mL). The combined organics were washed with brine and 
condensed to give the title compound as a yellow oil (1.93 g, 104%). The crude material 
was moved forward without purification. TLC Rf = 0.31 (50:50 hexane:EtOAc); 
1H NMR 
(300 MHz, CDCl3) δ = 1.48 (br s, 9 H), 2.36 (br s, 3 H), 4.27 - 4.83 (m, 6 H), 7.26 (s, 5 
H); 13C NMR is complicated due to rotamers. 13C NMR (75 MHz, CDCl3) δ = 11.2, 28.6, 
47.7, 47.9, 50.1, 50.8, 58.0, 77.5, 81.1, 127.6, 127.8, 128.4, 128.7, 130.1, 130.4, 137.7, 
137.9, 150.7, 155.3, 155.7, 165.1, 165.5; IR (film) 3439, 1683, 1495, 1407, 700 cm−1; 







benzylcarbamate (53). Alcohol 52 (1.90 g, 5.45 mmol) was added to an oven dried 50 
mL round bottom flask with stir bar. The flask was sealed under nitrogen and anhydrous 
DCM (30 mL) was added followed by mesyl chloride (0.63 mL, 8.18 mmol) and 
triethylamine (1.14 mL, 8.18 mmol). The reaction was warmed to 30 °C and stirred for 
12 h. The DCM was removed via rotary evaporator, and the crude oil was taken up into 
anhydrous DMF (30 mL). Sodium azide (0.425 g, 6.54 mmol) was added in one portion 
and the reaction stirred for 6 h. A sample aliquot was taken from the reaction, dissolved 
in 1 mL HPLC grade MeCN, and analyzed with LC-MS to confirm reaction completion. 
The reaction was diluted with ether (250 mL) and water (750 mL), and the organic layer 
was separated and the aqueous layer extracted with ether (2 x 100 mL). The combined 
organics were washed with brine, dried over sodium sulfate, filtered, and condensed to 
give a brown oil. The oil was dissolved with minimal DCM and purified by flash 
chromatography (25 g SiO2 cartridge; 0 to 22% EtOAc:hexanes gradient) to give the title 
compound as a yellow oil (2.20 g, 51%). TLC Rf = 0.47 (80:20 hexane:EtOAc); 
1H NMR 
(300 MHz, CDCl3) δ = 1.48 (s, 9 H), 2.43 (s, 3 H), 4.33 (s, 2 H), 4.41 - 4.67 (m, 4 H), 
7.16 - 7.40 (m, 5 H). 13C NMR is complicated due to rotamers. 13C NMR (75 MHz, 
CDCl3) δ = 11.5, 28.6, 47.6, 47.9, 50.0, 50.7, 77.5, 81.1, 127.7, 127.9, 128.5, 128.8, 
132.3, 132.7, 137.6, 137.7, 145.8, 155.3, 155.7, 165.1, 165.5; IR (film) 2977, 2094, 1690, 








benzylcarbamate (54). Azide 53 (1.10 g , 2.95 mmol) was added to a 250 mL pressure 
flask with stir bar followed by methanol (70 mL). The flask was purged with argon, then 
10% Pd/C (0.470 g, 0.442 mmol) was added. The reaction flask was attached to a Parr 
hydrogenator, evacuated, and backfilled with hydrogen to 2 atm x 3. The reaction was 
stirred vigorously under 2 atm of hydrogen for 3 h. A sample aliquot was taken from the 
reaction, dissolved in 1 mL HPLC grade MeCN, and analyzed with LC-MS to confirm 
reaction completion. The reaction mixture was passed through a pad of Celite, then 
concentrated to afford the title compound as a yellow oil (0.955 g, 93%). The crude 
product was used directly without further purification. TLC Rf = 0.39 (80:20 
hexane:EtOAc); 1H NMR (300 MHz, CDCl3) δ = 1.51 (s, 9 H), 1.78 (br. s., 2 H), 2.37 (s, 
3 H), 3.78 (s, 2 H), 4.38 - 4.67 (m, 4 H), 7.14 - 7.39 (m, 5 H); 13C NMR (75 MHz, 
CDCl3) δ = 11.2, 28.6, 39.5, 47.9, 50.0, 50.1, 50.8, 80.9, 127.6, 127.7, 128.4, 128.7, 
137.7, 137.8, 151.8, 155.4, 155.7, 164.79; IR (film) 3054, 2976, 1691, 1452, 1117, 692 






yl)methyl]amine (55a). Amine 54 (0.200 g, 0.576 mmol) was added to an oven dried 20 
mL vial with stir bar followed by glacial acetic acid (4.5 mL). Next, quinoline-8-
carbaldehyde (0.105 g, 0.633 mmol) and sodium triacetoxyborohydride (0.146 g, 0.691 
mmol) were added. The vial was purged with nitrogen and the reaction was stirred for 16 
h. A sample aliquot was taken from the reaction, dissolved in 1 mL HPLC grade MeCN, 
and analyzed with LC-MS to confirm reaction completion. 1.0 N aq. NaOH was added 
until the pH was greater than 12. The aqueous solution was saturated with NaCl and 
extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with brine, 
dried over sodium sulfate and condensed to give a dark red/brown oil.  
The oil was dissolved with DCM (10 mL) and Amberlyst® 15 ion exchange resin (2 g) 
was added. The crude was stirred with the resin for 12 h. A sample aliquot was taken 
from the reaction, dissolved in 1 mL HPLC grade MeCN, and analyzed with LC-MS to 
confirm reaction the product had bound completely to the resin. The resin was filtered 
and washed with EtOAc (50 mL). The washed resin was placed in a 50 mL round bottom 
flask with 3.5 N ammonia in methanol (30 mL) and stirred for 3 h. The resin was filtered 
and washed with 3.5 N ammonia in MeOH until no further material eluted, as detected by 
TLC. The combined washes were condensed to give a brown oil, which was dissolved 
with minimal DCM and purified by flash chromatography (5 g SiO2; 0-12% 0.5 N NH4 in 
MeOH:DCM) to give the title compound as a dark red oil (168 mg, 75%). TLC Rf = 0.73 
(90:10 MeOH:DCM); 1H NMR (400 MHz, CDCl3) δ = 2.41 (s, 3 H), 3.84 (s, 2 H), 3.94 
(s, 2 H), 4.02 (s, 2 H), 4.60 (s, 2 H), 7.25 - 7.36 (m, 5 H), 7.41 (dd, J = 8.2, 4.3 Hz, 1 H), 
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7.51 (dd, J = 8.2, 7.0 Hz, 1 H), 7.76 (dd, J = 19.4, 7.6 Hz, 2 H), 8.10 - 8.22 (m, 1 H), 8.78 
- 8.90 (m, 1 H); 13C NMR (75 MHz, CDCl3) δ =11.5, 46.7, 50.4, 50.6, 53.4, 121.3, 126.5, 
127.3, 127.5, 128.4, 128.6, 128.7, 129.1, 129.4, 136.6, 137.3, 140.0, 147.0, 149.5, 149.7, 
167.7; IR (film) 3304, 2921, 1498, 1452, 792, 699 cm−1; HRMS (ESI+) calculated for 





yl}methyl)amino]methyl}phenol (55b). Amine 54 (0.150 g, 0.432 mmol) was added to 
an oven dried 100 mL round bottom flask with stir bar followed by anhydrous THF (35 
mL). Next, salicylaldehyde (0.063 g, 0.52 mmol) and sodium triacetoxyborohydride 
(0.137 g, 0.648 mmol) were added. The vial was sealed under nitrogen and stirred for 16 
h. A sample aliquot was taken from the reaction, dissolved in 1 mL HPLC grade MeCN, 
and analyzed with LCMS to confirm reaction completion. The reaction was washed with 
saturated ammonium chloride and the aqueous layer extracted with EtOAc (2 x 20 mL). 
The combined organic layers were washed with brine, dried over sodium sulfate and 
condensed to give a yellow oil. The oil was dissolved with DCM (10 mL) and 
Amberlyst® 15 ion exchange resin (2 g) was added. The crude was stirred with the resin 
for 12 h. A sample aliquot was taken from the reaction, dissolved in 1 mL HPLC grade 
134 
 
MeCN, and analyzed with LC-MS to confirm the product had bound completely to the 
resin. After stirring the resin was filtered and washed with EtOAc before being placed in 
a 50 mL round bottom flask with 3.5 N ammonia in methanol and stirred for 3 h. The 
resin washed with 3.5 N ammonia in MeOH unil no further material could be seen 
coming off the resin by TLC. Combined washes were condensed to give a yellow oil. The 
compound was purified by flash chromatography (12 g C18 cartridge; 15 to 95% 
MeOH:H2O gradient)  to afford the title compound as a pale yellow oil (70 mg, 45%). 
TLC Rf = 0.53 (90:10 DCM:MeOH); 
1H NMR (400 MHz, CDCl3 δ = 2.30 (s, 3 H), 3.76 
(s, 2 H), 3.87 (s, 2 H), 3.94 (s, 2 H), 4.03 (s, 2 H), 6.77 (t, J = 1.0 Hz, 1 H), 6.84 (d, J = 
8.2 Hz, 1 H), 6.95 (d, J = 7.4 Hz, 1 H), 7.17 (t, J = 7.6 Hz, 1 H), 7.22 - 7.30 (m, 1 H), 
7.30 - 7.41 (m, 4 H); 13C NMR (101 MHz, CDCl3) δ = 11.1, 44.9, 50.2, 51.4, 53.2, 116.4, 
119.0, 122.2, 127.2, 128.2, 128.5, 128.6, 128.7, 129.5, 139.7, 148.3, 158.3, 168.10; IR 
(film) 3322, 2973, 2921, 1455, 1256, 1044, 754, 657 cm−1;  HRMS (ESI+) calculated for 





chlorophenol (55c). Prepared as described for 55b. Purified by flash chromatography (5 
g SiO2 cartridge; 0 to 12%  0.5 N NH4 in MeOH:DCM gradient) then (12 g C18 
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cartridge; 15 to 95% MeOH:H2O gradient) to afford the title compound as a pale yellow 
oil (56 mg, 33%). TLC Rf = 0.50 (90:10 DCM:MeOH); 
1H NMR (400 MHz, CDCl3) δ = 
2.30 (s, 3 H), 3.75 (s, 2 H), 3.88 (s, 2 H), 3.92 (s, 2 H), 4.04 (s, 2 H), 6.68 - 6.80 (m, 1 H), 
6.81 - 6.92 (m, 2 H), 7.18 - 7.43 (m, 5 H); 13C NMR (75 MHz, CDCl3) δ =11.3, 45.0, 
50.4, 51.1, 53.5, 117.0, 119.3, 120.9, 127.5, 128.4, 128.7, 123.0, 129.8, 134.2, 139.8, 
148.2, 159.5, 168.7; IR (film) 2952, 2865, 1479, 1236, 698 cm−1; HRMS (ESI+) 





di-tert-butylphenol (55d). Prepared as described for 55b. Purified by flash 
chromatography (12 g C18 cartridge; 25 to 95% MeOH:H2O gradient) to afford the 
desired product as a light brown oil (94 mg, 47%). TLC Rf = 0.66 (90:10 DCM:MeOH); 
1H NMR (400 MHz, CDCl3) δ =1.27 (s, 9 H), 1.42 (s, 9 H), 2.31 (s, 3 H), 3.76 (s, 2 H), 
3.88 (s, 2 H), 3.92 (s, 2 H), 4.03 (s, 2 H), 6.81 (d, J = 2.4 Hz, 1 H), 7.22 (d, J = 2.4 Hz, 1 
H), 7.23 - 7.39 (m, 5 H); 13C NMR (101 MHz, CDCl3) δ =11.1,  30.0, 31.7, 34.1, 34.9, 
44.9, 50.2, 52.3, 53.2, 121.5, 122.9, 123.5, 127.2, 128.2, 128.5, 129.4, 135.8, 139.6, 
140.3, 148.5, 154.7, 168.10; IR (film) 2920, 2843, 1604, 1488, 903, 699 cm−1; HRMS 





6.2.6 General Information: DFT Calculations 
 
 Starting points for enamine–alkyne complex calculations were set by starting with 
the enamine–metal–acetylene complex (before C–C bond formation) and adduct (after C–
C bond formation). Initial complexes were drawn within the Avogadro46 molecular 
visualization program and subjected to preliminary optimization with molecular 
mechanics. The alkyne and enamine carbons were fixed at a specific orientation and 
distance while the rest of the molecule was optimized using the auto-optimization feature 
(force field set to UFF, 4 steps per update, and steepest descent algorithm). The resulting 
coordinates were added to the Gaussian 09 input file for DFT calculations. Subsequent 
calculations of different precatalysts/substrates were preoptimized in Avogadro as 
described above, while keeping the enamine-alkyne starting orientation and distance from 
the original calculation constant. Starting adduct complexes were preoptimized using 
molecular mechanics as described above. Geometries were then optimized and energies 
were calculated by DFT using the B3PW91 functional and the basis sets LANL2DZ for 
all metals and cc-pVDZ for other atoms, using the PCM solvation model with 
dichloromethane. Enthalpies and free energies were calculated at 298.15 K using 
unscaled harmonic vibrational frequencies. All calculations were performed with 












6.3 Experimental Procedures for Dual Catalyzed Inter- and Intramolecular 
Additions of Carbonyl Compounds to Alkynes 
 
 6.3.1 General Procedures for Intramolecular Reactions  
 
Procedure A: Complex 78 (2.0 mg, 0.003 mmol) was dissolved in CH3NO2 (250 µL) in a 
1.5 mL HPLC vial. This solution was transferred to a separate aluminum foil wrapped 1.5 
mL HPLC vial containing AgBF4 (1.0 mg, 0.005 mmol). The vial was capped and placed 
in an oil bath heated to 50 °C for 30 min. The solution was filtered through a 22 µM 
PTFE syringe filter into another 1.5 mL HPLC vial containing substrate 85 (2.0 mg, 
0.006 mmol) dissolved in CH3NO2 (0.1 mL). Lastly, organocatalyst (67, 68, 
cyclohexylamine, or pyrrolidine) (0.003 mmol) was added as a solution in CH3NO2 (0.1 
mL). The reaction was placed in an oil bath and heated at 70 °C for 16 h. The crude 
reaction mixtures were loaded onto silica gel plugs made from Pasteur pipettes containing 
~4 cm silica gel and eluted with EtOAc (5 mL), then condensed and redissolved with 
CDCl3. Analyses were performed by 
1H NMR using pentachloroethane as an internal 
standard. 
 
Procedure B: Ligand 87 (5.0 mg, 0.015 mmol) was dissolved with CH3NO2 (0.5 mL) in 
a 1.5 mL HPLC vial. The solution was transferred to a separate 1.5 mL HPLC vial 
containing (CH3CN)4Pd(BF4)2 (7.0 mg, 0.015 mmol). The solution turned yellow and 
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homogeneous before being transferred to a 1.5 mL HPLC vial containing substrate 85 
(7.0 mg, 0.03 mmol) dissolved in CH3NO2 (0.2 mL). Lastly, organocatalyst 68 (4.0 mg, 
0.015 mmol) was added as a solution in CH3NO2 (0.2 mL). The reaction was placed in an 
oil bath and heated at 70 °C for 16 h. The crude reaction mixture was loaded onto a silica 
gel plug made from a Pasteur pipette containing ~4 cm silica gel and eluted with EtOAc 
(5 mL), then condensed and redissolved with CDCl3. Yield was measured by 
1H NMR 
using pentachloroethane as an internal standard. 
 
Procedure C: Complex 78 (2.0 mg, 0.003 mmol) was added to a 1.5 mL HPLC vial and 
dissolved in CD3NO2 (0.25 mL). This solution was transferred to a 1.5 mL HPLC vial 
containing formyl alkyne 85 (3.0 mg, 0.015 mmol) in CD3NO2 (0.1 mL). The solution 
was transferred to a 1.5 mL HPLC vial containing the organocatalyst 68 (1.0 mg, 0.003 
mmol). Lastly, the internal standard pentachloroethane (0.002 mL, 0.015 mmol) was 
added as a solution in CD3NO2 (0.1 mL). The reactions were transferred to an NMR tube, 
capped, and sealed with parafilm before being placed in an oil bath heated to 70 °C or left 
at room temperature for 24 h. Reaction yields were measured by 1H NMR using 
pentachloroethane as an internal standard.  
 
Procedure D: Complex 78 (2.0 mg, 0.003 mmol) was added to a 1.5 mL HPLC vial and 
dissolved in CD3NO2 (0.25 mL) this solution was transferred to a separate 1.5 mL HPLC 
vial containing AgBF4 (1.0 mg, 0.005 mmol). The vial was wrapped in aluminum foil and 
placed in an oil bath heated to 60 °C for 1 h. The solution was syringe filtered into 
another 1.5 mL HPLC vial containing the formyl alkyne 85 (3.0 mg, 0.015 mmol) in 
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CD3NO2 (0.1 mL). The solution was transferred to a 1.5 mL HPLC vial containing the 
organocatalyst 68 (1.0 mg, 0.003 mmol). Lastly the internal standard pentachloroethane 
(0.002 mL, 0.015 mmol) was added as a solution in CD3NO2 (0.1 mL). The reactions 
were transferred to an NMR tube, capped, and sealed with parafilm before being placed 
in an oil bath heated to 70 °C or left at room temperature for 24 h. Reaction yields were 
measured using by 1H NMR using pentachloroethane as an internal standard. 
 
6.3.2 Intermolecular Reaction Screening with Pre-formed Bis Cationic Pt Complex 
 
Precatalyst 78 (1.0 mg, 0.0014 mmol) was dissolved in nitromethane (0.3 mL) in an oven 
dried 1.5 mL HPLC vial under N2. Next, a 0.028 M solution of AgBF4 in nitromethane 
(50 L, 0.0014 mmol) was added via syringe. The vial was wrapped in aluminum foil and 
heated at 30–40 ºC for 1 h. The white precipitate was removed by passing the solution 
through a PTFE syringe filter into another oven dried 1.5 mL HPLC vial. If ethylene was 
used, ethylene gas was bubbled through the solution for 5 min. The alkene/alkyne (0.014 
mmol), aldehyde/ketone/acetal (0.0014–0.014 mmol), organocatalyst/enamine 
pyrrolidine, alpha-methyl-L-proline, 67, or 68 (0.00035–0.0014 mmol), and additive 
(0.00035 mmol) were respectively added as solutions in nitromethane (50 L). The vials 
were either sealed and heated in a sand bath at 80 ºC or placed in a pressure tube and 
stirred under ethylene (50 psi) at 80–90 ºC for 20–24 h. Crude reaction mixtures were 




6.3.3 General Procedure for Intermolecular Reactions Between Aldehyde 89 and Alkyne 




(2E)‐2‐butyl‐7‐phenylhept‐2‐enal (91). Complex 78 (70 mg, 0.11 mmol) was dissolved 
in 0.3 mL CD3NO2 in a 1.5 mL HP-LC vial. Next, 90 (0.034 mL, 0.215 mmol) and 89 
(0.005 mL, 0.043 mmol) were added via microsyringe. Organocatalyst 68 (3.0 mg, 
0.0107 mmol) was added as a solution in CD3NO2 (0.1 mL). Lastly, pentachloroethane 
(0.0013 mL, 0.0107 mmol) was added as a solution in CD3NO2 (0.1 mL).  The reactions 
were transferred to an NMR tube which was capped, sealed with parafilm, and placed in 
an oil bath heated to 70 °C for 24 h. Reaction yields were then measured by proton NMR 
using pentachloroethane as an internal standard. Several iterations of this reaction were 
run, and the resulting crude products were combined and loaded onto a silica plug made 
from a half filled 10 g silica gel cartridge, in order to provide larger quantities for 
complete characterization. The column was eluted with DCM (~5 column volumes). The 
crude mixture was adsorbed onto Celite, dried, and purified by flash chromatography (5 g 
SiO2 cartridge; 0 to 50% hexanes:DCM gradient) to afford 91 as a light brown oil. 
1H 
NMR (300 MHz, CDCl3) δ = 9.37 (s, 1H), 7.19 (m 5H), 6.46 (t, J = 7.8 Hz, 1H), 2.62 (t, 
J = 7.78 Hz, 3H), 2.22 - 2.35 (comp, 4H), 1.59 - 1.74 (m, 2H), 1.43 - 1.53 (m, 1H), 1.27 - 
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1.39 (comp, 5H), 0.90 (t, 3H); 13C NMR (151 MHz, CDCl3) δ =195.3, 155.9, 143.4, 
142.1, 128.3, 128.3, 125.8, 35.9, 31.5, 30.4,  28.9, 28.3, 23.8, 22.4, 14.0; HRMS (ESI+) 
calculated for C17H25O [M+H] 245.1905, found 245.1900. 
 






trifluoroborane fluoride (78). Ligand 87 (0.060 g, 0.174 mmol) was added to an oven 
dried pressure tube followed by PtI2(DMSO)2 (0.100 g, 0.157 mmol) then DCM (10 mL). 
The reaction was placed in an oil bath heated to 70 °C for 45 min to give a red 
homogeneous solution. Next, AgBF4 (0.032 g, 0.157 mmol) was added. The tube was 
wrapped in aluminum foil and sealed then heated to 70 °C for 12 h. After 12 h a white 
precipitate had formed, and the solution was filtered through a syringe filter and 
condensed to give a red oil. The oil was taken up into minimal DCM (~1 mL) and ether 
(40mL) was added rapidly to crash out the desired product. The flask sat to allow the 
solid to settle to the bottom of the vial and the liquid was carefully pipetted away from 
the solid. The flask was fitted with a septum and dried under a stream of nitrogen to give 
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78 as an orange solid (0.078 g, 64%).1H NMR (400 MHz, CD2Cl2)  = 8.80 (t, J=8.0 Hz, 
1H), 8.16 (d, J=8.2 Hz, 2H), 5.23 - 5.35 (m, 3H), 5.02 (t, J=9.0 Hz, 2H), 4.33 (dd, J=8.2, 
2.0 Hz, 2H), 1.10 (s, 18 H); 13C NMR (101 MHz, CD2Cl2)  = 175.5, 143.4, 142.9, 128.6, 
77.2, 71.4, 35.6, 26.9; Anal. calcd (found) for C19H27BF4IN3O2Pt, 1: C, 30.91 (27.57); 
H,3.69 (3.44); N, 5.69 (4.46). 
 
6.4 Experimental Procedures for Bifunctional PyBOX Catalysis  
 
 6.4.1 General Procedure for Crystallization Studies 
 





Precatalyst 87 (4.0 mg, 0.011 mmol) was added to a 4 mL vial containing 
(CH3CN)4Pd(BF4)2 (5.0 mg, 0.011 mmol) as a solution in nitromethane (0.5 mL). The 
reaction was stirred for 15 min before being condensed to give a yellow foam. The foam 
was taken up into minimal nitromethane (~0.1 mL) and added to a cut off 5 mm NMR 
tube. The tube was placed in an 8 mL vial and ether (0.5 mL) was added to the vial 
surrounding the NMR tube. The vial was capped and sealed with parafilm, and the ether 
was allowed to diffuse into the NMR tube over 72 h at which time small yellow crystals 
had formed.  
 
6.4.2 Intermolecular Reaction between Aldehyde 89 and Alkyne 90  
 
Precatalyst 99 (5.0 mg, 0.013 mmol) was added to a 1.5 mL HPLC vial and dissolved in 
CD2Cl2 (0.7 mL). Next, PtI2(DMSO)2  (8.0 mg, 0.013 mmol) was added. The solution 
was sonicated for 10 min., then placed in an oil bath heated to 30 °C for 1 h. The solution 
was sonicated for an additional 10 min. before being added to an aluminum wrapped 1.5 
mL HPLC vial containing AgBF4 (1.0 mg, 0.013 mmol). The vial was placed in an oil 
bath heated to 30 °C for one hour. The reaction was syringe filtered into a 1.5 mL HPLC 
vial before alkyne 90 (0.040 mL, 0.264 mmol) and aldehyde 89 (0.006 mL, 0.053 mmol) 
were added via microsyringe. Lastly, internal standard pentachloroethane (0.006 mL, 
0.053 mmol) was added via microsyringe. The solution was transferred to an NMR tube, 
capped, and sealed with parafilm before being placed in an oil bath heated to 30 °C for 24 











6‐(methoxycarbonyl)pyridine‐2‐carboxylic acid (93). To a suspension of 92 
(5.10 g, 30.2 mmol) in MeOH/H2O (50 mL, 1:1) in a 100-mL round bottom flask at 0 °C, 
was added concentrated sulfuric acid (5.0 mL) dropwise under constant stirring. The 
mixture was warmed to room temperature and refluxed for 30 minutes. The resulting 
mixture was poured into saturated aqueous NaHCO3 (250 mL) and the aqueous phase 
was washed with dichloromethane (6 x 50 mL). The DCM washes were combined, dried 
(Na2SO4), and evaporated to dryness to yield the di-ester byproduct as a white powder. 
The pH was then dissolved with water adjusted to pH = 3 with aqueous 2 M HCl, and the 
aqueous phase was extracted with dichloromethane (12 x 50 mL). The combined organic 
phases were dried (Na2SO4), and evaporated to dryness to yield the desired acid as a 
white powder (2.38 g, 44 %). The product was pushed forward without further 








methyl 6‐[(1‐hydroxy‐2‐methylpropan‐2‐yl)carbamoyl]pyridine‐2‐carboxylate (94). 
The carboxylic acid 93 (2.19 g, 12.1 mmol) was added to a 250 mL round bottom flask 
followed by HOBt (1.80 g, 14.5 mmol) then DCM (100 mL). TEA (3.71 mL, 26.6 mmol) 
was added and the reaction stirred for 5 min before EDC-HCl (2.80 g, 14.5 mmol) was 
added. The reaction stirred for 16 h at room temperature. A sample aliquot was taken 
from the reaction, dissolved in 1.0 mL HPLC grade acetonitrile and analyzed via LC-MS 
to confirm completion of the reaction. The reaction was diluted with DCM (100 mL) and 
the reaction was washed with half-saturated sodium bicarbonate (2 x 75 mL) and 0.1 N 
HCl (1 x 50 mL). The reaction was washed with brine, dried over sodium sulfate and 
condensed to give the desired product as a white powder (2.12 g, 70 %). The product was 




6‐[(1‐hydroxy‐2‐methylpropan‐2‐yl)carbamoyl]pyridine‐2‐carboxylic acid (95). Ester 
94 (2.53 g, 10.0 mmol) was added to a 250 mL round bottom flask followed by NaOH 
(0.602 g, 12.6 mmol) then 1:1 THF: water (50 mL) was added. The reaction stirred at 
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room temp for 16 h. A sample aliquot was taken from the reaction, dissolved in 1.0 mL 
HPLC grade acetonitrile, and analyzed via LC-MS to confirm completion of the reaction. 
The solution was brought to pH 3 with 1 N HCl. The solvent was removed via rotovap to 
give a white solid which was purified by flash chromatography (30 g C18 column, 5-95% 






The carboxylic acid 95 (0.154 g, 0.646 mmol) was added to a 20 mL reaction vial 
followed by amine 96 (0.173 g, 0.588 mmol) and DMF (10 mL.). Next, HOBt (0.231 g, 
1.06 mmol), TEA (0.147 mL, 1.06 mmol) and EDC HCl (0.203 g, 1.06 mmol) were 
added. The reaction stirred for 16 h. A sample aliquot was dissolved in 1.0 mL HPLC-
grade acetonitrile and analyzed by LC-MS to confirm completion of the reaction. The 
reaction was diluted with water (100 mL) and EtOAc (100 mL). The layers were 
separated and the organic washed with half-saturated sodium bicarbonate (2 x 50 mL) 
and 0.1 N HCl (1 x 30 mL). The aqueous layers were each extracted with EtOAc (2 x 50 
mL). The combined organic layers were washed with brine, dried over sodium sulfate, 
and condensed to give a yellow oil. The oil was dissolved in 1:1 THF:H2O (10 mL) and 
lithium hydroxide (0.030 g, 0.715 mmol) was added. A sample aliquot was dissolved in 
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1.0 mL HPLC acetonitrile and analyzed by LC-MS to confirm completion of the reaction. 
The reaction was diluted with water (20 mL) and the pH was raised to ~7 with 1 N HCl. 
EtOAc (100 mL) was added and the aqueous layer was separated and extracted with an 
additional wash of EtOAc (50 mL). The combined organic layers were washed with 
brine, dried over sodium sulfate ,and condensed to give the desired product as a light-
yellow foam. The crude was purified by flash chromatography (12 g C18 column, 5-95% 
MeOH:H2O gradient) to give the desired product as a white foam (0.194 g, 64%). Broad 
1NMR peaks were observed due to rotomers. 1H NMR (300 MHz, CDCl3) δ = 1.09 - 1.65 
(comp, 15H), 2.64 - 2.93 (comp, 6H), 3.15 - 3.52 (m, 2H), 3.50 - 3.77 (m, 3H), 3.83 - 
4.15 (m, 3H), 4.98 (br s, 1H), 5.13 - 5.36 (m, 1H), 7.00 - 7.36 (comp, 4H), 7.97 (t, J = 7.8 
Hz, 1H), 8.25 (ddd, J = 17.4, 7.7, 1.0 Hz, 2H), 8.81 (d, J = 8.2 Hz,); 13C NMR 
complicated due to rotomers. 13C NMR (75 MHz, CDCl3) δ = 23.6, 23.7, 24.1, 28.5, 33.9, 
34.5, 39.4, 50.2, 50.7, 54.9, 55.3, 63.7, 66.0, 66.8, 70.4, 70.6, 77.5, 79.5, 79.7, 80.0, 
124.0, 124.6, 124.8, 125.1, 125.8, 126.7, 127.1, 128.5, 128.7, 128.9, 129.2, 129.9, 139.3, 







dihydro‐1,3‐oxazol‐4‐yl}phenyl)ethyl]‐N‐methylcarbamate (64). Bis-amide 97 (0.380 
g, 0.738 mmol) was added to an oven dried 20 mL reaction vial followed by 3 angstrom 
mol. sieves. The vial was capped and purged with nitrogen before anhydrous toluene (4.0 
mL) was added. The reaction was sonicated until homogeneous, and the reaction stirred 
in the presence of sieves for ~ 30 min. After 30 min., Deoxo-Fluor® (2.7 M solution, 1.37 
mL) was added at room temperature rapidly in one portion. A sample aliquot was taken, 
quenched with H2O, extracted with EtOAc and condensed before being analyzed by LC-
MS to confirm completion of the reaction. The reaction was poured onto sat. aq. sodium 
bicarbonate (75 mL) and diluted with EtOAc (100 mL). The organic layer was washed 
with sat. aq. sodium bicarb (4 x 50 mL). The combined aqueous layers were extracted 
with EtOAc (2 x 75 mL), washed with brine, dried over sodium sulfate, and condensed. 
The crude oil was purified by flash chromatography (12 g, C18 column, 5-95% 
MeOH:H2O gradient) to give the desired product as a yellow oil (0.311 g, 88%). 
1H NMR 
(400 MHzCD3NO2) δ = 1.26 - 1.36 (comp, 9H), 2.77 (s, 4H), 3.42 (t, J = 7.2 Hz, 2H), 
3.62 (t, J =6.7 Hz, 1H), 4.85 - 4.95 (m, 1H), 5.37 - 5.47 (m, 1H), 7.19 (d, J = 6.7 Hz, 3H), 
7.26 - 7.36 (m, 1H), 7.96 - 8.07 (m, 1H), 8.13 (d, J = 7.83 Hz, 1H), 8.22 (d, J = 8.61 Hz, 
1 H); 13C NMR (75 MHz, CDCl3) δ = 28.7, 68.3, 70.5, 75.7, 77.6, 79.5, 80.0, 125.0, 







oxazol‐4‐yl}phenyl)ethyl](methyl)amine (99). Oxazoline 98 (0.311 g, 0.650 mmol) was 
added to a 20 mL vial followed by TFA (4 mL). The reaction was stirred for 15 min., 
then carefully pipetted onto ~50 mL sat. aq. sodium bicarbonate in a 500 mL Erlenmeyer 
flask. After bubbling ceased, the pH was measured to be ~12, and 75 mL 10% MeOH in 
DCM was added to the aqueous layer. The layers were separated and the aqueous 
extracted with 4 x 50 mL 10% MeOH in DCM. The combined organic layers were 
washed with brine, dried over sodium sulfate and condensed to give 0.238 g of a crude 
yellow oil/foam. The crude was purified by flash chromatography (12 g C4 column, 5-
95% MeOH:H2O gradient) to give the desired product as a yellow oil (0.102 g, 42%). 1H 
NMR (400 MHz, CDCl3) δ = 1.36 (s, 6H), 2.36 (s, 3H), 2.76 (dd, J = 7.6, 4.9 Hz, 4H), 
4.17 (s, 2H), 4.35 (t, J = 8.8 Hz, 1H), 4.9 (dd, J = 10.2, 8.6 Hz, 1H), 5.37 (dd, J = 10.2, 
9.0 Hz, 1H), 7.04 - 7.15 (m, 3H), 7.19 - 7.28 (m, 1H), 7.84 (t, J = 7.8 Hz, 1H), 8.16 (dd, J 
= 7.8, 0.8 Hz,1 H), 8.22 (dd, J = 7.8, 1.1 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ = 28.4, 
36.0, 36.1, 52.9, 68.0,70.2, 75.4, 79.8, 124.7, 126.0, 127.2, 128.2, 128.9, 137.4, 140.6, 
141.8, 146.5, 147.0, 160.8, 163.4.  
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